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Xenon- 1 29  NMR  has  long  been  used  as  a sensitive  surface  probe  for  microporous 
systems  such  as  clathralcs,  zeolites,  proteins,  and  catalysis.  However,  this  technique  is 
hindered  by  the  low  signal  intensity  of  xenon  due  to  its  small  thermal  polarization 
(approximately  I O'5  at  9,4  T).  The  advent  of  spin-exchange  optical  pumping  has  enabled 
the  production  of  xenon- 1 29  with  a nuclear  polarization  4-5  orders  of  magnitude  greater 
than  the  Boltzmann  equilibrium  value.  This  has  led  to  new  NMR  applications  such  as 
medical  imaging  of  lungs  and  signal  enhancement  of  other  nuclear  species  by 
polarization  transfer  or  thermal  mixing.  The  increasing  number  of  NMR  and  MR! 
applications  requiring  large  volumes  of  highly  spin-polarized  xenon-129  or  helium-3  gas 
has  placed  new  demands  on  spin-exchange  optical  pumping  (SEOP)  systems. 


The  advenl  of  high  power  (>30  W)  laser  diode  array  (LDA)  syslems  with 
wavelengths  in  the  near  inftared  has  led  to  significant  increases  in  the  quantity  and  rate  of 
production  of  spin-polarized  hclium-3  and  xenon-129  gasses. 

This  work  reports  the  development  and  evaluation  of  a continuous  flow  SEOP 
system  incorporating  a 2 1 0 W diode  array  laser  system  with  a 1 .7  nm  (950  GHz)  spectral 
width.  Experimental  data  detailing  the  absolute  xenon-129  nuclear  polarization  and  bulk 
magnetization  production  dependence  on  certain  operating  parameters  such  as  gas  flow 
rate,  gas  composition,  and  magnetic  field  strength  are  presented.  In  addition,  this  system 
provides  a unique  opportunity  to  study  the  SEOP  performance  as  a function  oflaser 
power  up  to  an  unprecedented  2 1 0 W.  While  nuclear  polarization  has  been  the 
performance  benchmark  of  polarized  noble  gas  generators,  in  many  applications,  it  is  the 
bulk  magnetization  produced  per  unit  time  that  is  of  greater  relevance. 

Finally,  results  demonstrating  the  ability  to  produce  xenon-129  with  a nuclear 
spin-polarization  of  >40%,  as  well  as  the  ability  to  produce  spin-polarized  xenon-129  for 
imaging  and  spectroscopic  applications,  are  presented.  The  ability  of  the  polarizer  to 
produce  polarized  ,29Xe  gas  is  unmatched  by  any  other  polarizer  currently  described  in 


CHAPTER  I 
INTRODUCTION 


Nuclear  magnetic  resonance  (NMR)  has  become  a slaplc  of  analytical  chemistry 
because  of  its  ability  to  provide  qualitative  and  quantitative  information  about  atomic  and 
molecular  species.  In  its  simplest  form,  NMR  is  the  observation  of  the  resonance 
condition  between  magnetic  nuclei  contained  in  an  external  magnetic  field  and  an 
oscillating  electromagnetic  field. 

Nuclei  with  a spin  quantum  number  I > 0 have  a magnetic  moment.  If  placed  in 
an  external  magnetic  field,  these  magnetic  nuclei  will  align,  giving  a net  magnetic 
moment  along  the  z axis.  For  an  I = Vi  nuclei,  this  net  magnetization  can  be  described  by 


where  N is  the  number  of  nuclei,  y is  the  gyromagnetic  ratio,  and  P is  the  polarization  of 
the  sample.  The  polarization  of  the  nuclei  is  the  relative  population  difference  of  the  two 
energy  states,  and  is  defined  as  follows: 


where  N„  is  the  number  of  spin  up  nuclei  (lower  energy  state),  and  Np  is  the  number  of 
spin  down  nuclei.  The  energy  separation  between  the  two  states  is 


[1.1] 


[1-2] 


AE  = yhB  = hvL 


[1.3] 


where  B is  Ihe  magnetic  field,  and  V|  is  the  Larmor  frequency. 


2/r 


[1.4] 


The  resonant  frequency  can  be  modified  by  shielding  or  deshielding  of  the  applied 
magnetic  field  due  to  the  local  chemical  environment.  The  shielding  field  is  given  by 


where  o is  the  chemical  shift  parameter.  The  nucleus  experiences  the  sum  of  the  applied 
field  and  the  local  field  such  that  its  resonant  frequency  becomes 


The  ratio  of  energy  slates  obeys  a Boltzman  distribution  such  that 


where  T is  the  temperature  of  the  system.  In  the  high  temperature  approximation,  where 
AE»kT,  the  nuclear  polarization  of  the  sample  can  be  reduced  to  the  following: 

Applying  an  rf  pulse  to  the  sample  causes  the  magnetization  to  tip  down  into  the 
transverse  (xy)  plane,  where  it  begins  to  precess  at  the  Larmor  frequency.  This 
processing  magnetization  can  be  detected  by  an  NMR  coil  resulting  in  a frec-induction- 
dccay  (FID).  A Fouricr-lransfomi  of  the  FID  results  in  a frequency  plot  of  the  observed 
NMR  signals.  The  FID  decays  by  two  main  relaxation  mechanisms,  T i and  T;.  T|  is  the 
spin-lattice  relaxation  time  constant. 


[IS] 


[1.6] 


to  its  equilibrium  value  in  the  Bo  direction.  Tz  is  the  spin-spin  relaxation  time  constant, 
which  describes  how  the  magnetization  relaxes  to  equilibrium  in  the  transverse  plane. 


NMR  ofxcnon-129  has  found  considerable  use  as  an  indirect  probe  for  surface 
characterization  of  microporous  materials  such  as  zeolites,  molecular  sieves,  catalysts, 
clathrates.  and  metal  clusters,1'3  Investigations  of  graphite  and  silicon  surfaces  have  been 
completed  as  well,  although  not  as  readily  due  to  the  large  amount  of  signal  averaging 
that  is  required  to  produce  an  adequate  NMR  signal.  Xenon-129  NMR  has  also  been 
applied  to  biological  systems  such  as  proteins,  lipid  bilayers,  and  cyclodextrins.4,5 

The  resonant  position,  or  chemical  shift,  of  lwXe  is  reported  on  the  5-scalc  with 
units  of  part-per-miliion  (ppm). 


By  convention,  5Xt=0  in  the  limit  of  zero  xenon  pressure. 

Xenon-129  is  a popular  probe  gas  for  molecular  systems  due  to  its  great 
sensitivity  to  the  local  environment.  It  has  a chemical  shift  range  of  greater  than  300  ppm 
when  physisorbed  to  a surface,  and  a total  ppm  range  of  7600.6  However,  ,29Xe  NMR 
suffers  from  a common  NMR  problem,  lack  of  sensitivity.  As  seen  in  Figure  1-1,  while 
NMR  provides  the  greatest  amount  of  information  relative  to  common  analytical 
techniques,  its  sensitivity  is  among  the  lowest. 
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Figure  I - 1 - Information  content  and  sensitivity  of  common  Analytical  techniques7 

The  detected  NMR  signal  voltage  is  directly  proportional  to  the  net  magnetization 
of  the  nuclei,  which  is  proportional  to  the  number  of  nuclei  and  their  polarization,  as 
shown  in  Equation  (1.1],  The  lack  of  sensitivity  in  conventional  NMR  is  partly  due  to  the 
low  polarization  of  the  detected  nuclei.  Table  1-1  shows  the  thermal  equilibrium 
polarization  of  several  common  NMR  nuclei  to  be  on  the  order  of  parts-per-million  at 
room  temperature  and  high  magnetic  field. 

Table  I - 1 : Thermal  polarization  of  common  NMR  nuclei  at  T=300  K and  Bo=9.4  T 


For  NMR  experiments  suffering  from  low  signal  to  noise,  there  are  three  options 
for  increasing  the  signal-to-noise  ratio  (SNR):  signal  averaging,  increasing  the  number  of 
nuclei,  and  increasing  the  nuclear  polarization. 

In  time  domain  Fourier  transform  NMR,  the  signal  to  noise  is  proportional  to  the 


NMR  nuclei  Thermal  Polarization 


TT 


3.20x10° 

8.05x10° 

8.86x10° 


square  root  of  the  number  of  signal  averages: 


5 


['•101 


where  n is  the  number  of  signal  transients  averaged.  For  example,  a four-fold  increase  in 
the  SNR  could  be  obtained  by  averaging  sixteen  frcc-induction-dccays  (FID).  Although 
signal  averaging  is  routinely  used,  there  arc  practical  limits  on  the  improvements  that  can 
be  gained.  Depending  on  the  application,  several  thousand  FID'S  arc  needed  to  generate 
an  acceptable  signal.8  For  I29Xe,  Ti  times  range  from  several  seconds  to  tens  of  minutes, 
causing  experiment  times  to  range  from  several  hours  to  several  days.  Wailing  several 
days  to  collect  a usable  signal  is  certainly  possible,  but  not  very  practical.  The  need  for 
signal  averaging  therefore  sets  practical  limits  to  the  type  of  experiments  that  can  be 


The  signal  can  be  increased  by  increasing  the  number  of  detectable  nuclei.  In  the 


the  xenon  pressure  in  the  sample  tube.  However,  in  samples  where  high  pressures  arc 
detrimental,  such  as  in  biological  systems,  the  use  of  high  pressures  is  limited.  The 
sensitivity  of  experiments  involving  the  detection  of  xenon  adsorbed  onto  a surface  is 
limited  by  the  number  of  surface  sites  available,  so  higher  pressures  would  be  of  no 
benefit.  The  use  of  xenon  gas  isotopically  enriched  in  the  lwXe  isotope  is  another  way  to 
increase  the  number  of  detected  nuclei.  The  natural  abundance  of  the  xenon- 1 29  isotope 
is  26.4%.  Enrichments  of  86%  IMXe  arc  commercially  available,  but  are  more  costly. 
The  use  of  isotopically  enriched  xenon  provides  a -three-fold  increase  in  the  NMR 


The  last  method  of  signal  enhancement  is  to  increase  the  polarization  of  the 
nuclei.  This  can  be  accomplished  by  "brute  force"  methods  and  non-equilibrium 


conducted. 


’ lwXe  in  tile  sample  can  be  increased  by  simply  increasing 


methods  of  enhancing  Ihe  nuclear  polarization.  Brute  force  methods  include  increasing 
the  applied  magnetic  Held,  or  decreasing  the  temperature  of  the  system.  The  equilibrium 
polarization  increases  in  accordance  with  Equation  [1.8],  However,  low  temperatures  are 
not  applicable  to  experiments  performed  under  ambient  or  biological  conditions. 
Furthermore,  the  spin  lattice  relaxation  times  in  diamagnetic  compounds  at  cryogenic 
tempi  t I ecomc  exceedingly  long,  prohibiting  the  nuclear  magnetization  from 

ever  reaching  thermal  equilibrium  on  a reasonable  time-scale.  Increasing  the  magnetic 
field  is  a more  common  approach  to  increase  polarization.  This  technique  is  restricted  by 
the  practical  limits  of  building  large  magnet  systems.  Superconducting  magnet  systems 
for  NMR  use  have  recently  been  developed  with  field  strengths  of  23.5  T.  The  National 
High  Magnetic  Field  Laboratory  has  recently  demonstrated  a superconducting  and 
resistive  hybrid  magnet  with  a field  of  45  T.  While  this  is  a major  engineering 
accomplishment,  it  provides  only  a factor  of  2-3  improvement  compared  to  commonly 
used  superconducting  magnet  fields  in  the  9-18  T range.  The  impetus  for  these  very  high 
fields  is  also  the  potential  for  higher  frequency  resolution,  along  with  higher  signal-to- 

There  arc  several  non-equilibrium  methods  for  generating  nuclear  polarization. 
These  enhancement  techniques  include  dynamic  nuclear  polarization,'*'10  parahydrogen 
induced  nuclear  polarization,' 1,12  optical  pumping  in  organic  solids'3,14  and 
semiconductors,'5'17  and  spin-exchange  optical  pumping  of  the  spin-1/2  noble  gases."1''9 
Spin-exchange  optical  pumping  (SEOP)  of  the  noble  gases,  proven  to  be  one  of  the  more 
versatile  methods  for  NMR  signal  enhancement,  has  direct  application  to  IMXe  nuclei. 


Spin-exchange  optic 


of  noble  gas  atoms  to  near  unity.  In  ,wXe  NMR,  signal  enhancements  of  1 0J  - 1 0s  arc 
theoretically  possible  under  favorable  conditions.2”  The  ability  to  produce  li9Xc  atoms 
with  nuclear  polarization  orders  of  magnitude  greater  than  thermal  equilibrium  has  not 
only  improved  almost  all  existing  ,29Xc  NMR  applications,  but  also  has  opened  the  door 
to  many  other  applications  which  were  impossible  with  conventional  lMXe  NMR.  Most 
notable  are  magnetic  resonance  imaging  of  29Xe  and  polarization  transfer  from  xenon  to 
other  nuclei,  such  as  protons  of  protein  molecules.21 

The  purpose  of  the  research  presented  here  is  to  construct  and  demonstrate  a spin- 
exchange  optical  pumping  system  that  is  capable  of  producing  ,!9Xc  with  die  highest 
possible  polarization,  and  in  the  greatest  possible  quantities,  for  use  in  NMR  and  MRI 
applications.  This  will  be  accomplished  by  closely  examining  the  fundamentals  of  the 


CHAPTER  2 

SPIN-EXCHANGE  OPTICAL  PUMPING 

Spin-exchange  optical  pumping  (SEOP)  is  a technique  involving  the  transfer  of 
angular  momentum  from  photons  of  light  to  nuclear  spins.  It  has  been  primarily  used  to 
produce  non-equilibrium  nuclear  spin  polarization  in  helium-3  and  xenon-129,  although 
other  nuclei  have  been  studied.  Production  of  these  spin-polarized  nuclei  has  significant 
importance  in  physics,  chemistry,  and  medicine.  SEOP  is  made  up  of  two  discreet 
events,  optical  pumping  and  spin-exchange. 

Optical  Pumping 

Optical  pumping  is  the  process  of  using  circularly  polarized  light  to  create  large 
population  imbalances  in  atomic  ground  states.  The  process  was  frrst  described  and 
experimentally  confirmed  by  Alfred  Kastler  in  the  1950's.21  Kastlcr  was  awarded  the 
1966  Nobel  Prize  in  Physics  for  the  discovery  of  optical  pumping. 

Photons  have  a spin  S = I , with  111,  - 1 (a ! 1 corresponding  to  left-circularly 
polarized  light  and  m,  = - I (a-)  corresponding  to  right-circularly  polarized  light.  In  the 
absorption  of  a circularly  polarized  photon,  the  conservation  of  angular  momentum 
requires  that  the  excitation  of  the  electrons  follow  the  selection  rule  Am  = ± 1 . In  the  case 
of  light,  Am  - 1 , and  for  o-  light.  Am  = - 1 . 23, 24  While  all  alkali  metals  can  undergo 
optical  pumping,  rubidium  has  become  the  metal  of  choice  due  to  two  factors.  Firstly,  its 
vapor  pressure  is  such  that  a high  atom  density  can  be  generated  at  temperatures  less  than 
200  ®C.25  Secondly,  the  rubidium  *D  line,  indicated  in  Fig.  2-1  for  87Rb,  occurs  at  794 


n,  which  is  in  ihe  spectral  range  of  commercially  available,  (unable,  lasers  such  as 


titanium  sapphire  and  AlGaAs  diode  lasers. 


Figure  2-1 . Energy  level  diagram  of  nibidium-87  showing  hyperfine  splittings 

In  the  optical  pumping  experiment,  the  rubidium  atom  vapor  is  irradiated  with 
laser  light  tuned  to  794  nm  causing  electron  excitation  fiom  the  5S«  to  the  lowest  5P* 
excited  state.  Assuming  irradiation  with  a-  light,  electronic  excitations  are  subject  to  the 
Am  = -1  selection  rule,  shown  in  Figure  2-2.  Excited  electrons  can  then  relax  by  cither 
fluorescence  or  non-radiativc  mechanisms.  These  transitions  can  be  Am  = ± I , depending 
on  the  direction  of  the  emitted  light.  With  continued  irradiation  of  a-  light,  repeated 
cxcttatton/rclaxation  cycles  result  in  the  electrons  being  driven  or  “pumped”  into  the  nil  = 


m a net  electron  polarization. 
The  atoms  become  trapped  in  this  level  because  there  are  no  allowed  optical  transitions 
out  of  this  state.  However,  leakage  out  of  this  state  can  occur  due  to  spin  relaxation  in  the 


Figure  2-2.  Excitation  of  Ihe  'D  line  wilh  o-  laser  light  al  X = 794  nm  resulling  in  spin 
polarized  ground  stale  of  *7Rb 

In  a phenomenon  known  as  radiation  trapping,  the  emitted  photons  can  be 
absorbed  by  other  rubidium  atoms  causing  optical  dcputnping  of  the  rubidium,  which 
leads  lo  significant  depolarization  of  the  rubidium.  A quench  gas,  such  as  nitrogen  or 
hydrogen  can  be  added  to  reduce  this  radiation  trapping.  The  quench  gas  provides  a non- 
radiativc  relaxation  pathway  for  Ihe  excited  rubidium  atoms,  thus  greatly  reducing  the 
rubidium  fluorescence.  Diatomic  gases  such  as  nitrogen  and  hydrogen  are  needed 
because  die  excited  atoms  transfer  energy  from  the  excited  electrons  to  vibrational  and 
rotational  degrees  of  freedom  in  the  diatomic  molecule.  The  translational  degrees  of 
freedom  return  to  equilibrium  by  the  transfer  of  energy  to  heal,*6 
Spin  Exchange 

Spin  exchange  is  the  transfer  of  angular  momentum  from  the  alkali  atoms  to 
nuclear  spins  via  a flip-flop  exchange.  In  1 960  Bouchiat,  Carver  and  V amum  first 
reported  the  ability  lo  transfer  the  electron  polarization  of  an  alkali  metal  to  noble  gas 
nuclei.”  The  impact  of  this  spin  exchange  on  NMR  was  not  fully  realized  until  the  early 
1980’s  when  Happcr  and  co-workers  at  Princeton  University  produced  detailed  studies  of 
the  spin  exchange  process  between  optically  pumped  rubidium  and  2 AC. 

When  a noble  gas  atom  comes  into  contact  with  a polarized  Rb  atom,  there  is  a 
flip-flop  spin  exchange  from  the  rubidium  to  the  noble  gas  nucleus.  At  low  pressures, 


this  spin  exchange  is  mediated  by  the  formation  of  a Rb-Xc  Van  der  Waals  molecule. 


The  extended  lifetime  (several  nanoseconds)  of  the  complex  increases  the  probability  that 
the  hyperfine  contact  interaction  will  lead  to  spin-exchange.  In  a process  that  competes 
with  spin-exchange,  the  Rb  angular  momentum  is  also  transferred  to  the  molecular 
rotation  of  the  Van  der  Waals  complex.  At  high  pressure  (>1  atm),  spin  exchange  occurs 
during  binary  collisions  due  to  the  collisionally  limited  lifetimes  of  the  Van  der  Waals 
complexes.  Following  the  transfer  of  polarization  to  l29Xe  nuclei,  rubidium  atoms  arc 
again  eligible  for  optical  absorption  and  subsequent  optical  pumping  and  spin-exchange. 

Although  tire  optical  pumping  spin-exchange  mechanism  is  complex,  depending 
on  parameters  such  as  temperature,  pressure,  magnetic  field  and  pumping  cell  surface 
preparation,  several  research  groups  have  optimized  the  experimental  conditions  for  the 
production  of  hypcrpolarized  IMXe  and  ’He.*50  The  average  l!,Xc  nuclear  polarization 
at  time  t can  be  written  as 


[2-1] 


where  yst  is  the  Rb-'2,Xe  spin  exchange  rate,  Ay  is  the  relaxation  rate  of  the  noble  gas 
nuclei,  and  P«,  is  the  average  electron  spin  polarization  of  the  rubidium  atoms.11  The 
average  rubidium  polarization  is  given  as 


[2-2] 


where  yopi  is  the  optical  pumping  rale  of  the  rubidium  electrons,  and  rm  is  the  spin 
destruction  rate1  of  the  rubidium.  The  Rb-IBXe  spin  exchange  rate  is  defined  as 


/.-rjM],  [2.3] 

whore  A*J(r  is  the  velocity  averaged  binary  spin-exchange  cross  section  and  [Rb]  is  the 


number  density  of  the  Rb  atoms,  determined  by  the  temperature  dependent  vapor 
pressure  of  the  rubidium  metal,  2 The  rate  of  nibidium  optical  pumping  can  be  described 

where  B(*  is  the  Einstein  coefficient  of  absorption,  c is  the  speed  of  light,  Q,  is  defined 
as  the  overlap  between  the  laser  lineshape  and  the  atomic  frequency  response,  and  II  is 
the  laser  intensity.23  Equations  2.1  - 2.4  show  how  the  final  l29Xe  polarization  depends 
on  the  the  time  spent  in  the  optical  pumping  cell,  the  temperature  of  the  optical  pumping 
cell,  the  laser  power,  and  the  frequency  overlap  of  the  laser  output  and  the  Rb  absorption 
lineshape. 

Rosen  cl  al,  also  report  a homogenous  magnetic  field  dependence  on  the  ,MXe 
polarization  and  subsequent  relaxation.34  The  lz9Xe  relaxation  due  to  wall  collisions 
within  the  optical  cell  is  dependent  on  the  local  magnetic  field.  A field  of  greater  than  20 
gauss  is  required  to  moke  this  relaxation  rate  much  less  thanyss.  It  is  critical  that  the 
applied  magnetic  field  is  parallel  to  the  incident  laser  light.  If  the  laser  light  is  not 
parallel  to  the  field,  the  xenon  spins  will  begin  to  precess  around  the  applied  field, 

The  !D  line  of  rubidium  occurs  at  794  nm.  Two  laser  types  are  commonly  used 
for  continuous  wave  excitation  at  this  wavelength.  The  original  SEOP  experiments  were 
carried  out  with  resonance  lamps.  More  recently,  titanium  sapphire  lasers,  which  require 


an  argon  ion  pump  laser,  have  been  employed.  These  lasers  produce  up  to  several  walls 


of  power  and  a relatively  narrow  linewidih.  The  narrow  linewidih  is  a greal  advantage 
due  to  the  Q,  factor  in  Equation  [2.4].  The  linewidih  of  the  Coherent  899  titanium 
sapphire  laser  operated  without  an  etalon  is  -1 00  MHz,  while  the  Doppler  broadening  of 
the  rubidium  absorption  at  120°  is  '250  MHz.’5  If  tuned  to  resonance,  the  laser  has 
100%  overlap  with  the  rubidium  absotplion.  The  narrow  linewidih  of  the  titanium 
sapphire  laser  allows  for  the  highest  published  l2';Xe  polarization  achieved  in  a pumping 
cell  so  far:  70%.  However,  titanium  sapphire  lasers  have  several  fundamental  and 
practical  disadvantages  which  limit  their  utility.  Due  to  limited  power  output  of  titanium 
sapphire  lasers,  the  pumping  cells  arc  limited  to  a volume  of  approximately  30  mL,  and 
to  pressures  less  titan  approximately  300  Ionv'f’  These  limitations  prevent  the  possibility 
of  effective  optical  pumping  under  flow  conditions,  and  since  only  small  quantities  of 
xenon  can  be  polarized,  the  polarized  l29Xe  NMR  applications  are  limited  with  such  a 
system.  However,  the  high  ,wXe  polarizations  attainable  motivate  the  development  of 
titanium  sapphire  based  SEOP  systems.  A SEOP  system  based  on  a titanium  sapphire 
laser  is  described  in  Chapter  3. 

The  other  laser  option  is  the  AIGaAs  laser  diode  array  (LDA).  Recent 
commercialization  of  AIGaAs  LDA’s,  capable  of  producing  >1 00W  at  795  nm,  have 
stimulated  the  use  of  LDA's  in  optical  pumping  experiments.  Although  there  is  no  single 
LDA  that  can  produce  greater  than  50  W of  output  power,  several  LDA's  can  be 
combined  to  produce  a single,  high-power  laser  beam.  These  Insets  have  the  output 
power  necessary  for  high  volume  optical  pumping  under  flow  conditions.  In  a fiber  array 
packaged  (FAP)  system,  the  outputs  from  numerous  LDA’s  are  combined  via  optical 


fibers  and  collccled  to  produce  a single  beam  that  can  be  easily  collimated  and  polarized 
for  optical  pumping.  FAP  systems  of  up  to  1 20  W arc  currently  being  used  for  polarized 
IMXe  research  in  other  groups.”  According  to  Equation  [2.4],  higher  power  theoretically 
correlates  to  an  increased  ,29Xe  nuclear  polarization,  as  well  as  an  increased  rate  of  ,29Xe 
polarization,31  because  higher  rubidium  atom  densities  may  be  used.  The  construction  of 
a SEOP  system  using  a 210  W LDA  is  described  in  Chapter  4. 

The  primary  disadvantage  of  the  LDA  systems  is  the  broad  spectral  output. 
Lincwidthsof2-3nm(948  GHz  - 1.42  THz)  are  typical  and  much  greater  than  the 
rubidium  absorption  line.38  Hence,  a large  fraction  of  the  laser  light  is  off-resonance  with 
the  rubidium  absorption,  yielding  a very  low  Q,  value.  However,  the  rubidium  ’D 
absorption  can  be  pressure  broadened,  causing  the  absorption  linewidth  to  increase  at  a 
rate  of  1 8 GHz/amagat.  For  instance,  linewidths  of  0.3  nm  can  be  achieved  when  the 
optical  pumping  cell  is  pressurized  to  10  amg.33  This  allows  much  more  of  the  laser  light 
to  be  absorbed,  and  negates  the  need  for  accurate  fine-tuning  of  the  laser  output,  an 
inherent  advantage  of  the  broader  linewidth. 

The  pressure  broadening  of  the  rubidium  line  is  accomplished  by  using  a buffer 
gas.  Helium,  rather  than  xenon,  is  employed  because  it  has  been  found  that  the 
depolarizing  nature  of  xenon  gas  reduces  the  polarization  of  the  rubidium  when  xenon  is 
present  at  high  pressures.31  Helium  gas  has  been  found  to  be  the  best  choice  for  a buffer 
gas  because  it  docs  not  interfere  with  the  polarization  process. 

For  production  of  spin-polarized  ,29Xe  by  the  SEOP  method,  the  optical  pumping 
cell  must  contain  a sufficient  vapor  pressure  of  rubidium  atoms,  requiring  the  temperature 
of  the  cell  be  maintained  at  120-200  °C.  In  addition,  the  cell  must  contain  nitrogen  gas  to 


reduce  radiation  trapping.  The  Xe/Nj/He  gas  mixture  is  introduced  to  the  pumping  cell, 
and  then  delivered  to  the  NMR  probe  via  a gas  handling  system.  The  pressure  and 
relative  concentration  of  optical  pumping  gases  is  dependent  on  the  laser  light  source 
being  used  and  the  NMR  application  for  which  the  polarized  l29Xe  is  being  produced. 

Based  on  these  principles,  two  SEOP  systems  have  been  developed,  and  arc 
described  in  this  work.  The  first  uses  a titanium  sapphire  laser  system,  and  the  second,  a 
high  power  LDA  system. 


CHAPTER  3 

IN-S1TU  SPIN-EXCHANGE  OPTICAL  PUMPING  SYSTEM  BASED  ON  A 
TITANIUM  SAPPHIRE  LASER  SOURCE 

Thu  Bowers  Research  Lab  has  a continuing  interest  in  the  application  of  laser- 
polarized  l29Xc  NMR  for  kinetics  and  surface  studies,  Storhaug  et  al.  reported  the  use 
of  laser-polarized  l29Xe  generated  from  a titanium  sapphire  laser  based  SEOP  system  for 
studying  the  kinetics  of  gas  clathratc  hydrates.  In  that  work,  laser-polarized  xenon  was 
prepared  by  a titanium  sapphire  optical  pumping  system  constructed  on  a laser  table  at  a 
remote  location.  The  same  system  was  used  to  study  xenon-protein  binding  interactions 
by  laser-polarized  l29Xe  NMR.41  The  laser-polarized  IMXe  was  produced  in  the  SEOP 
system,  and  then  transferred  to  the  NMR  sample  tube  by  cooling  the  sample  tube  in  liquid 
nitrogen  and  condensing  the  xenon  as  a solid.  The  sample  tube  was  warmed  to  introduce 
the  xenon  into  the  gas  phase,  and  then  placed  in  the  NMR  spectrometer  where  the  spectra 
were  obtained. 

To  facilitate  stopped  flow  kinetics,  imaging,  and  studies  of  rapidly  relaxing 
systems,  an  in-situ  SEOP  system  was  developed  which  allowed  delivery  of  the  polarized 
gas  directly  to  the  sample  tube  in  the  NMR  probe.  This  system  provides  a method  for 
stopped-flow  kinetics  experiments,  minimizes  the  relaxation  of  the  polarized  xenon 
between  formation  and  detection,  and  allows  the  sample  to  be  maintained  at  thermal 
equilibrium  while  introducing  the  xenon  gas. 


Design  and  Construction 

The  SEOP  system  is  similar  in  design  to  the  one  reported  by  Ruth  ct  al.,42  who 
reported  tile  generation  of -70%  polarized  l2,Xe."  The  optical  pumping  cell,  shown  in 
Figure  3-1  is  a valvcd  glass  cylinder,  2.5  cm  in  diameter,  and  1.3  cm  in  length,  giving  a 
volume  of  7 mL. 


Figure  3-1,  Optical  pumping  cell 

The  cell  contained  a small  droplet  (-0.1  g)  of  rubidium  metal.  The  pumping  cell 
was  placed  in  a PVC  oven,  which  was  heated  by  a stream  of  nilrogon  gas  passing  over  a 
resistively  heated  nichrome  wire.  The  temperature  was  controlled  using  a PID  feedback 
controller  (Model  CN9000A,  Omega  Engineering,  Stamford.  CT).  An  8 cm  Hemholtz 
pair,  capable  of  producing  a homogenous  magnetic  field  of 500  G.  surrounds  the 
pumping  cell  and  oven.  The  pumping  cell  is  mounted  on  a custom-made  aluminum 
platform  bolted  to  tile  top  of  the  superconducting  NMR  magnet.  The  optical  pumping 
oell  is  directly  connected  to  the  NMR  sample  tube  via  a glass  gas  manifold  comprised  of 


standard  wall  '/•  inch  glass  tubing,  A dewarcd  region  was  placed  in  the  gas  line  to  allow 


for  the  cryogenic  condensation  of  the  polarized  xenon.  This  provided  the  ability  to 
remove  nitrogen  and  other  gases  from  the  xenon.  This  dewared  region  is  surrounded  by  a 
solenoid  coil,  which  provides  the  1 kG  magnetic  field  required  to  maintain  the  ,MXe 
polarization  during  the  freeze-thaw  process.45  The  gas  manifold  was  connected  to  a 
vacuum  pump,  gas  reservoir,  and  pressure  gauge.  The  pumping  cell  and  gas  manifold 
were  designed  to  operate  at  pressures  of  1-1000  torr.  (The  in-situ  SEOP  system  is  shown 
in  Figure  3-2.) 


Figure  3-2.  In-situ  spin-exchange  optical  pumping  system  mounted  on  top  of 
superconducting  NMR  magnet;  A.  Optical  pumping  cell,  B,  Heater  cell,  C.  Bottom  half 
of  Hemholtz  pair,  D,  Separation  magnet,  E.  Dewared  region,  F.  Manifold,  G.  Aluminum 
plate,  H.  NMR  superconducting  magnet 

The  in-situ  SEOP  system  incorporates  an  Argon-Ion  lasor  (Model  1-200,  Coherent 
Laser  Corp.,  Santa  Clara,  CA)  pumped  titanium  sapphire  ring  laser  (Coherent 
Modcl#899)  tuned  to  794  nm  to  optically  pump  the  rubidium  vapor.  The  laser  has  a 
maximum  power  output  of  2.5  W of  linear  polarized  light.  The  titanium  sapphire  laser  is 
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mounted  on  a laser  table  approximately  20  feet  from  die  NMR  spectrometer  The  laser 
beam  was  directed  from  the  laser  to  the  SEOP  system  using  a series  of  mirrors.  A quarter 
wave  plate  and  a series  of  collimating  lenses  were  then  used  to  generate  a beam  of 
circularly  polarized  light  4 cm  in  diameter.  A block  diagram  of  the  optics  is  shown  in 
Figure  3-3. 


following  procedure.  The  entire  optical  pumping  system,  including  manifold,  was 
evacuated  to  a pressure  of  <10~*  torn  The  optical  pumping  cell  was  then  filled  with  a 
known  pressure  of  gas  from  the  gas  reservoir.  The  gas  reservoir  contained  a mixture 
comprised  of  known  partial  pressures  of  nitrogen  and  natural  abundance  xenon  gas.  The 
valve  on  the  pumping  cell  was  closed,  and  the  rest  of  the  system  was  evacuated  to  <10'4 


Pumping  cell 


Figure  3-3.  In-situ  spin-exchange  optical  pumping  system  block  diagram 


lorr.  The  pumping  cell  was  then  heated  to  100-150  "C,  while  being  exposed  to  a 
homogenous  magnetic  field  of  10-200  G generated  by  the  Hcmhollz  pair.  After  the 


temperature  of  the  pumping  cell  stabilized,  the  Rb/Xe/N.  mixture  was  irradiated  with  794 
nm  laser  light.  After  allowing  sufficient  time  for  optical  pumping  and  spin  exchange  (>2 
min),  the  heater  was  turned  off.  and  the  cell  was  cooled  to  allow  condensation  of  die 
rubidium  vapor.  The  optical  pumping  cell  was  then  opened  to  the  manifold,  allowing  the 
polarized  xenon  and  nitrogen  gas  mixture  to  expand  into  the  NMR  tube.  NMR  spectra 
were  acquired  immediately  after  the  pressure  of  the  system  stabilized,  ~S  seconds  after 
the  pumping  cell  was  opened.  With  a known  volume  and  pressure  of  polarized  gas  being 
detected,  the  polarization  was  calculated  following  the  method  described  in  Chapter  5. 
Following  NMR  detection  of  the  polarized  xenon,  the  laser  light  was  blocked  off,  the 
system  evacuated,  and  the  procedure  repeated. 

The  optical  pumping  system  was  operated  under  a variety  of  conditions  to 
determine  the  set  of  parameters  that  provided  the  highest  xenon  nuclear  polarization,  as 
measured  by  the  polarization  enhancement  factor  (r?).  Temperature  and  magnetic  field 
of  the  optical  pumping  cell  were  varied,  as  were  the  optical  pumping  time,  the  percentage 
of  nitrogen  in  the  gas  mixture,  and  the  pressure  of  the  gas  mixture  in  the  pumping  cell. 

At  some  point  the  optical  pumping  and  spin  exchange  processes  will  reach  a 
steady  state  based  on  the  optical  pumping  and  spin  destruction  rates  of  Equations  [2.1] 
and  [2.2],  After  this  lime,  further  polarization  of  the  xenon  will  not  occur.  Optical 
pumping  times  greater  than  1 20  seconds  showed  no  significant  increases  in  the  observed 
$ . Therefore,  optical  pumping  limes  of  1 50  s were  used  for  all  fiirther  experimental 


Figure  3-4  shows  ihc  dependence  of  cell  temperature  on  the  observed  ’ . 


dependent  vapor  pressure  of  rubidium  metal. 


Figure  3-4.  l29Xe  polarization  enhancement  factor  versus  optical  pumping  cell 
temperature  using  an  optical  pumping  time  of  150  s,  a 10  G magnetic  field,  and  -200  ton* 
of  a 10%  Xe  / 90%  N2  gas  mixture 

The  temperature  of  the  system  varied  by  ± 1 5 ”C  from  the  setpoint,  despite  the  PID 
temperature  controller. 

The  presence  of  nitrogen  in  the  optical  pumping  cell  is  known  to  reduce  radiation 
trapping  within  the  system,  thus  increasing  the  rubidium  polarization.  Experiments  were 
therefore  conducted  to  determine  the  effect  of  concentration  of  nitrogen  on  the  observed 
l29Xe  polarization  enhancement  factor.  Three  gas  mixtures  were  prepared:  a pure  xenon 
sample,  a 50%  Xe/ 50%  Nj  gas  mixture,  and  a 1 0%Xe/ 90%  N2 gas  mixture.  The 
highest  £ values  obtained  with  these  gas  mixtures  are  shown  in  Figure  3-5.  The  gas 
pressure  in  the  pumping  cell  was  different  in  each  experiment;  46  torr,  74  torr,  and  320 
tore  respectively.  This  provided  roughly  equivalent  partial  pressures  of  xenon  (46, 37, 32 
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lorr)  in  the  optical  pumping  cell.  The  values  reported  in  Figure  3-5  represent  the  best  £ 
values  observed  with  the  given  gas  mixtures. 


Figure  3-5.  IMXe  polarization  enhancement  factor  versus  %N2  in  Xe/Nj  gas  mixture.  150 
s pumping  time,  cell  temperature  = 125  °C,  and  a 10  G magnetic  field. 

Figure  3-6  shows  the  £ dependence  on  the  total  pressure  of  the  10%  Xe  / 90% 

Nj  gas  mixture  in  the  optical  pumping  cell.  To  understand  these  results,  the  effects  of 
radiation  trapping  and  pressure  on  the  l29Xe  polarization  need  to  be  considered.  Higher 
total  pressures  result  in  more  nitrogen,  which  reduces  radiation  trapping.  However,  at 
higher  pressures  there  are  more  depolarizing  xenon  - xenon  collisions  that  decrease  £ . 
At  some  pressure,  the  radiation  trapping  benefits  will  reach  a maximum,  while  the 
depolarization  xenon-xenon  interactions  will  continue  to  increase. 
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Figure  3-6.  IMXe  polarization  enhancement  factor  versus  gas  pressure  in  optical 
pumping  cell,  1 0%  Xe  / 90%  N2  gas  mixture,  1 50  s pumping  time,  pumping  cell 
temperature  = 1 25  ®C 

The  highest  enhancement  factor  observed  was  41300,  obtained  at  a cell 
temperature  of  1 20  ”C,  a pumping  pressure  of  320  torr,  a 1 0 G magnetic  field,  a pumping 
time  of  150  s,  and  using  the  90%  N2/ 10%  Xcgas  mixture.  This  corresponds  to  a lwXe 
nuclear  polarization  of  36.6%,  Following  expansion  into  the  detection  cell,  5 torr  of 
xenon  was  detected.  The  amount  of  polarized  xenon  produced  during  each  SEOP  cycle 
is  -0.3  mLatm.  While  £ values  of  greater  than  4xl04  were  observed  on  several 
occasions,  the  day-to-day  repeatability  was  poor.  This  is  primarily  due  to  the  variation  of 
the  optical  pumping  cell  condition  in  each  experiment,  and  the  stability  of  the  titanium 
sapphire  laser.  Degradation  of  the  rubidium  metal  due  to  reactions  with  impurities,  and 
the  pumping  cell  itself,  results  in  a reduction  of  the  rubidium  atom  density. 

The  ability  to  produce  highly  polarized  l!,Xe  using  the  in-situ  setup  is  greatly 
dependent  on  the  condition  of  the  rubidium  within  the  pumping  cell.  Following  the 
addition  of  fresh  rubidium,  the  £ results  were  not  optimal,  as  the  cell  needed  to  be 
"conditioned".  However,  after  an  extended  period  (several  days),  the  rubidium  contained 


24 

within  the  pumping  cell  would  become  partially  oxidized,  again  resulting  in  reduced 
Conclusions 

We  have  demonstrated  36%  ,MXe  polarization  with  a SEOP  system  that  utilizes  a 
titanium  sapphire  laser  and  allows  direct  expansion  of  the  polarized  gas  into  the  sample 
cell  for  NMR  detection.  The  polarization  is  not  as  high  as  that  reported  with  the  SEOP 
system  for  which  this  one  was  modeled.41  However,  the  polarization  of  70%  reported  by 
Ruth  et  al.  was  not  experimentally  observed.  This  value  was  the  calculated  estimate  of 
the  polarization  in  the  pumping  cell  based  on  the  observed  polarization  of  0.6  in  the  NMR 
spectrometer.  The  observed  polarization  was  multiplied  by  a factor  of  1.1 66  to 
compensate  for  polarization  losses  in  the  transfer  from  the  pumping  cell  to  the  sample 

Although  we  used  the  same  gas  composition  as  in  the  Ruth  et  al.  experiments, 
they  obtained  their  best  results  at  a total  pressure  of  75  torr.  Figure  3-6  shows  the 
pressure  dependence  we  observed  in  our  SEOP  system.  In  our  system  a significant 
decrease  in  enhancement  factor  was  observed  at  pressures  lower  than  200  torr. 

The  reported  technique  greatly  simplifies  the  production  and  detection  of 
polarized  ,29Xe  gas  compared  to  previous  methods  used  in  our  lab.  Tile  in-situ  optical 
pumping  system  was  employed  in  studies  of  Xe  hydrate  clalhiate  formation  mechanisms 
and  kinetics.  However,  in  order  to  generate  sufficient  quantities  of  polarized  ,29Xe  gas, 
the  system  was  operated  under  non-oplimal  conditions,  producing  <10%  l29Xe 
polarization. 

Repeatability  of  the  l29Xc  polarization  was  limited.  This  was  in  large  part  due  to 
the  conditioning  of  the  optical  pumping  cell,  as  already  discussed.  Another  area  affecting 
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the  reproducibility  of  these  experiments  was  the  relative  instability  of  the  titanium 
sapphire  laser.  The  laser  fluctuated  in  output  power  and  frequency  on  a day-to-day  and 
even  hour-to-hour  basis.  Other  complications  with  the  laser  stemmed  from  beam 
alignment  problems.  The  laser  beam  was  reflected  over  a distance  of  40  feet,  making  it 
difficult  to  maintain  consistent  alignment  of  the  beam  with  the  optical  pumping  cell.  The 
greatest  drawback  of  the  titanium  sapphire  based  SEOP  system  is  the  small  quantity  of 
polarized  gas  produced  which  limits  the  potential  applications  of  polarized  ,29Xe  NMR 
and  MRI. 


CHAPTER  4 

DEVELOPMENT  OF  A SPIN-EXCHANGE  OPTICAL  PUMPING  SYSTEM  USING  A 
SOLID-STATE  LASER  DIODE  ARRAY 

While  Ihe  SEOP  system  built  using  the  titanium  sapphire  laser  system  produced 
high  l29Xe  polarization,  it  was  inadequate  for  producing  the  volume  of  polarized  gas 
needed  for  the  NMR  and  MRI  experiments  of  interest.  As  discussed  in  Chapter  2,  there 
is  another  type  of  laser  system  used  in  optical  pumping,  the  AIGaAs  laser  diode  array 
(LDA).  Previous  work  in  the  polarized  xenon  community  has  shown  the  ability  of 
LDA's  to  generate  high  volumes  of  polarized  ,29Xe  in  continuous  flow  mode  production. 
Table  4-1  presents  a survey  of  the  l29Xe  optical  pumping  systems  described  in  the  recent 
literature  according  to  LDA  power,  l29Xe  nuclear  spin  polarization  produced,  and  Xc 
flow  rate.  Two  relevant  criteria  by  which  the  performance  of  a polarized  gas  generator 
can  be  evaluated  arc  Ihe  maximum  polarization  achieved  and  Ihe  nuclear  magnetization 
production  rale,  a quantity  proportional  to  Ihe  product  of  the  nuclear  polarization  and  the 
Xe  flow  rate. 
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Although  there  are  large  variations  in  the  reported  values  of  the  nuclear 
polarization  and  magnetization  production  factor,  the  overall  trend  suggests  that  the 
polarization  achieved  in  previous  LDA  systems  is  substantially  lower  than  the  value 
achieved  in  titanium  sapphire  systems.  However,  the  use  of  LDA  systems  allows  for 
generation  of  a polarized  gas  flow,  which  is  not  possible  with  titanium  sapphire  lasers. 
SEOP  systems  using  titanium  sapphire  lasers  require  several  minutes  to  reach  a steady 
state  1!,Xe  polarization.  The  ideal  polarizer  would  simultaneously  achieve  both  high 


capacity  and  the  highest  possible  polarization.  Previous  work  suggests  that  higher 


polarization  and  high  flow  rales  may  potentially  be  obtained  by  increasing  the  rubidium 
density  and  absorbed  laser  power44  However,  an  experimental  investigation  to 
determine  if  this  is  true  requires  a higher  power  LDA  system  than  has  been  previously 
available. 

The  National  High  Magnetic  Field  Laboratory  (NHMFL)  and  the  University  of 
Florida  have  acquired  a 210W  LDA  system  for  use  in  rubidium  optical  pumping-  This  is 
apparently  the  most  powerful  continuous  wave  laser  ever  constructed  at  the  795  nm 
wavelength.  A SEOP  system  based  on  this  laser  will  be  able  to  answer  three  important 
questions.  Can  LDA  based  polarizers  be  used  to  produce  high  l!,Xe  polarization?  And. 
if  so,  is  higher  laser  power  the  way  to  do  it?  Finally,  docs  higher  laser  power  allow 
higher  flow  rates  to  be  employed  without  loss  of  lwXc  polarization? 

The  polarizer  is  modeled  alter  the  design  reported  by  Driehuys  cl  al.  They 
report  the  production  of  5%  polarized  xenon,  but  theorize  that  -50%  polarization  is 
possible.  The  SEOP  system  can  be  broken  down  into  several  major  components;  optical 
pumping  system,  gas  handling  system,  and  laser  light  source. 

Laser  System 

The  NHFML-UF  polarized  gas  generator  incorporates  a laser  system  consisting  of 
seven  individual  fiber  array  packaged  (FAP)  LDA  units  (Coherent  Laser  Corporation, 
Santa  Clara,  CA).  Each  FAP  has  an  optical  output  of  30  watts  that  can  be  independently 
tuned  to  795  nm  by  diode  temperature  and  current  control.  The  combined  optical  profile 
has  a line  width  (FWHM)  of  1.6  nm  (-800  GHz)  at  2 1 0 W.  The  laser  output  and 
transmission  through  the  optical  pumping  cell  arc  continuously  monitored  with  an  optical 
fiber  spectrometer  (model  USB2000,  Ocean  Optics,  Dunedin,  FL).  As  shown  in  Figure 
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4-1 , the  individual  FAP  outputs  are  combined  into  a single  fiber  terminated  by  a water- 
cooled  output  connector.  The  individual  fibers  arc  embedded  in  a high-thermal 
conductivity  epoxy  and  are  anti-reflection  coated  to  minimize  heating  at  the  connector. 
The  unpolarizcd  beam  emerging  from  the  optical  fiber  enters  the  optical  polarizer  where 
it  is  collimated  before  passing  through  a beam-splitting  cube  to  divide  the  bean)  into 
horizontal  and  linear  polarization  components.  The  vertically  polarized  beam  exits  the 
optical  polarizer  through  a quarter  wave  plate.  The  horizontally  polarized  beam  is 
reflected  by  an  adjustable  mirror  and  exits  through  a second  quarter  wave  plate  with  the 
fast  axis  aligned  parallel  to  the  slow  axis  of  the  first  quarter  wave  plate.  The  mirror  mount 
is  adjusted  such  that  the  two  beams  intersect  at  the  pumping  coll,  which  is  located  at  a 
distance  of  80cm, 


This  optical  polarizer  arrangement  permits  the  full  power  of  the  laser  system  to  be 
circularly  polarized,  despite  the  output  of  the  fiber  system  being  unpolarized.  The 
transmitted  laser  power  (light  not  absorbed  by  the  rubidium  vapor)  is  captured  in  a water- 
cooled  beam  stop  (Kcntck  Corporation,  Pittsfield,  NH). 


Optical  Pumping  System 


The  cylindrical  optical  pumping  cell  is  a 12  cm  borosilicate  glass  cylinder  with  5 


glass  side  arm  valves  (Chemglass,  Vineland,  NJ)  arc  attached  to  the  front  and  rear  of  the 
cell  allowing  gas  to  flow  through  the  cell  (Figure  4-2).  The  transition  to  3.2  mm  O.D. 
PFA  tubing  is  made  using  Swagelock™  reducing  unions  with  Teflon  ferrules.  The  inlet 
arm  has  a 1 .5  cm  expanded  region  to  accommodate  a small  quantity  (approximately  0.3 
g)  of  rubidium  metal.1  The  cell  is  mounted  such  that  its  front  window  is  rotated  slightly 
away  from  the  perpendicular  orientation  of  the  incident  laser  beams. 


Figure  4-2.  CAD  drawing  of  glass  optical  pumping  cell;  A.  Gas  inlet,  B.  Expanded 
region  for  rubidium  deposit,  C.  Pumping  cell,  D.  Gas  outlet 

Coating  the  internal  surface  of  the  pumping  cell  with  siloxanes  has  been  shown  by 
Breeze  ct  al.  to  reduce  xenon  surface  relaxations,  thereby  improving  the  129Xc 
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polarization.'7  A commercially  available  chlorosiloxanc,  Surfasil  (Pierce  Scientific),  is 
most  commonly  used  to  coat  optical  pumping  cells.  The  siloxane  bonds  to  the  glass 
surface  to  form  silanols,  and  subsequently  condenses  with  surface  hydroxyl  groups.58 

The  optical  pumping  cell  was  chemically  cleaned  with  a 7:3  v/v  mixture  of 
concentrated  sulfuric  acid  and  30%  aqueous  solution  of  hydrogen  peroxide.  Following 
rinsing  with  deionized  water,  the  cell  was  filled  with  a hexane  solution  of  Surfasil  (10:1 
v/v  ratio  of  solvenbsolute).  The  cell  was  then  allowed  to  dry  in  an  oven  healed  to  120 
°C.  It  was  then  evacuated  to  1 0's  torr  before  the  rubidium  was  injected. 

Experiments  with  the  NHMFL-UF  polarizer  using  coated  and  uncoatcd  optical 
pumping  cells  showed  a negligible  difference  in  the  ability  to  generate  polarized  ,lvXc 
gas.  There  are  two  explanations  for  this  observation.  First,  the  xenon  diffusion 
coefficient  is  reduced  at  high  pressures,  so  the  xenon  atoms  interact  less  frequently  with 
the  pumping  cell  walls,  making  gas  phase  relaxations  dominant.  Second,  because  the 
system  operates  under  (low  conditions,  the  xenon  atoms  spend  a limited  lime  (<2 
minutes)  in  the  pumping  cell,  again  limiting  the  wall-induced  relaxations.  This  agrees 
with  the  discussion  by  Breeze  et  al.57  who  show  that,  at  pressures  greater  than  2 
atmospheres,  wall-induced  relaxations  no  longer  dominate  the  xenon  relaxation  rate. 

The  pumping  cell  is  enclosed  in  an  oven  constructed  of  aluminum  sheeting  fitted 
with  20  cm  diameter  anti-reflection  coated  optical  windows  at  the  front  and  rear.  The 
oven  is  heated  by  a forced  air  resistive  filament  heater  (Convectronics,  Model  001-1021 1, 
Haverhill.  MA).  The  temperature  is  maintained  using  a PID  feedback  controller  (Model 
CN9000A,  Omega  Engineering,  Stamford,  CT).  The  oven  has  a maximum  operating 
temperature  of 220  "C,  and  is  stable  to  ± I °C  of  the  setpoint. 
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When  (he  pumping  cell  is  healed,  gas  passing  through  the  expanded  region  of  the 
inlet  sideann  valve  will  become  saturated  with  rubidium  vapor,  carrying  it  into  the  body 
of  the  pumping  cell.  Once  inside  the  pumping  cell,  the  rubidium  vapor  will  be  optically 
pumped  by  the  incident  laser  light.  Several  references  suggest  using  rubidium  metal 
soaked  in  glass  wool5’  or  copper  mesh56  to  increase  the  surface  area  of  the  rubidium 
metal.  Both  of  these  techniques  were  tried,  but  showed  no  significant  improvement  over 
placing  a simple  drop  of  rubidium  metal  in  the  expanded  region. 

A magnetic  field  is  applied  to  the  pumping  cell  by  a home-built  Hemholtz  pair. 
The  coils  are  43cm  in  diameter  and  are  mounted  21cm  apart.  Each  coil  contains  190  turns 
(-700  feet)  of  14  gauge  copper  magnet  wire  wrapped  on  an  aluminum  spool.  The 
Hemholtz  pair  are  powered  by  a Sorenson  Model  SLR  60-35  power  supply.  The  magnet 
system  can  generate  a 15  cm  field  of 0-300  G,  with  a homogeneity  of  0.2%  of  the  applied 


field. 
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Figure  4-3.  CAD  drawing  of  optical  pumping  system:  A.  Hemholtz  pair,  B.  aluminum 
oven  with  anti-reflective  windows,  and  C.  laser  beam-stop,  D.  optical  polarizer,  E. 
circularly  polarized  laser  beam.  F.  Platform  mount 

The  entire  optical  pumping  system  is  mounted  on  an  aluminum  frame  with  caster 
wheels  for  transport  around  the  lab.  The  SEOP  system  is  fully  enclosed  by  aluminum 
sheeting  1/8  inch  thick  to  prevent  irradiation  of  laser  light  into  the  laboratory  area,  and 
protect  against  possible  glassware  failure  at  high  pressures.  The  aluminum  sheeting,  as 
well  as  all  interior  aluminum  parts,  arc  painted  black  to  limit  reflections  of  laser  light 
inside  the  polarizer.  The  entire  SEOP  system  is  S feet  high,  3 feet  wide,  and  4 feet  long. 

Gas  Handling  System 

The  gas  handling  system,  show  in  Figure  4-4,  is  designed  to  provide  a continuous 
stream  of  the  polarized  1 2,Xc  gas  mixture  directly  to  the  NMR  probe  for  detection,  or  to  a 
storage  magnet  for  separation  and  accumulation  of  hyperpolarized  ,wXe  solid. 


Figure  4-5.  UF-NHMFL  polarized  gas  generator 

Three  different  gas  mixtures  were  purchased  from  Spectra  Gasses  (Branchburg, 
NJ),  each  consisting  of  equal  mole  percentages  of  Xe  and  Nr  at  1 , 2,  and  5%,  with  the 
balance  made  up  of  helium.  The  1%  mixture  contained  xenon  with  a ,29Xe  isotopic 
enrichment  of  86%.  The  other  mixtures  contained  natural  abundance  xenon  (26.4% 
l29Xe).  The  output  of  the  storage  cylinder  is  connected  to  a gas  purifier  (Model  3SK, 
Acroncx  Inc.  San  Diego,  CA)  to  reduce  the  Oj,  CO,  CO2,  Hj,  H;0.  and  non-methane 
hydrocarbon  content  to  less  than  1 ppb.  The  system  pressure  is  monitored  near  the  NMR 
probe  using  a Baratron  pressure  transducer  (Model  722A,  MKS  Instruments,  Andover, 
MA).  The  polarized  tz9Xe  gas  mixture  is  delivered  from  the  pumping  cell  to  the  NMR 
sampling  device  via  a 4.7  m length  of  PFA  tubing.  The  flow  rate  is  controlled  and 
monitored  on  the  return  line  by  a combination  needle  valve  and  variable  area  flowmeter 
(Model  U-032 17-06,  Cole-Patmor,  Vernon  Hills,  IL). 

After  passing  through  the  probe,  the  gas  can  either  be  vented  to  the  atmosphere 
(in  applications  where  the  gas  may  have  become  contaminated)  or  recirculated  back  to 


Uic  pumping  cell.  In  this  closed-cycle  recirculation  mode,  flow  is  generated  by  a 
magnetically  coupled  gas  recirculation  pump  (Model  51429,  Thomas  Ind,,  Sheboygan, 
WS).  For  experiments  requiring  the  condensation  of  hypcrpolarized  lwXe  liquid  or  solid, 
a stainless  steel  ballast  tank  with  a volume  of  2,0  liters  can  be  inserted  into  the  loop  to 
increase  the  total  volume  of  the  system-  The  entire  gas  handling  system,  including  the 
glass  pumping  cell  and  sample  tube,  was  designed  and  tested  to  approximately  10  atm  of 


pressure. 


CHAPTER  5 

PERFORMANCE  EVALUATION  OF  LDA  BASED  SPIN-EXCHANGE  OPTICAL 
PUMPING  SYSTEM 

The  UF-NHMFL  SEOP  system  was  constructed  to  provide  maximum  variance  of 
all  operating  parameters  that  can  potentially  affect  the  production  of  laser-polarized  l'qXe 
gas.  The  pumping  cell  temperature,  pumping  Held,  gas  flow,  gas  mixture,  and  laser 
power  were  systematically  varied  to  determine  the  values  that  maximize  the  observed 
xenon  polarization  enhancement  factor  (cf). 

The  figure  of  merit  for  a SEOP  system  has  traditionally  been  the  polarization 
enhancement  factor  of  the  polarized  ,wXe  NMR  signal.  The  l29Xe  nuclear  polarization 
enhancement  factor,  tf,  is  defined  as  the  ratio  of  the  laser  polarized  to  the  thermal 
equilibrium  (field  polarized)  lwXc  nuclear  polarization. 

<?=/>’//?'  [5.1] 

The  enhancement  factor  is  determined  experimentally  from  the  ratio  of  the  NMR 
signal  integrals  obtained  after  Fourier  transformation  of  a single  FID  transient  from  one 
mole  of  loser-polarized  ,2qXc  gas,  Sm , and  thermal  equilibrium  field  polarized  gas,  , 

may  be  deduced  from  the  product  of  an  experimental  measurement  of  ■'  and  the 
calculated  thermal  equilibrium  nuclear  polarization: 

[5.2] 


P'  = I?  SWISS’  = 


In  the  high  temperature  approximation  at  300  K and  IIq  = 9AT, 

if1  =rhH0/2kT  = S.&510~6.  [5.3] 

The  raw  NMR  signal  integrals  S and  S1*1  of  the  laser  polarized  and  thermally 
polarized  reference  samples  need  to  be  corrected  for  the  number  of  moles  of  lz9Xeand 
the  number  of  FIDs  accumulated  ( Nf  or  Ns  J in  each  experiment.  For  example. 

S%  =S°I  ln">  Nf , [5.4] 

where  it"*  is  calculated  from  the  volume  rrr^l  (/  is  the  length  of  the  cylindrical 


detection  region  of  radius*^ ) and  the  pressure  p''*  since  the  ideal  gas  law  holds  well 
under  the  experimental  conditions.  Collecting  all  of  these  factors,  the  raw  signal  integral 
ratio  must  be  corrected  by  the  ratio  in  the  number  of  scans,  the  ratio  of  the  fractional 
isotopic  abundance  of  lz9Xe  ( /<<z  or  / ),  the  ratio  of  the  Xe  partial  pressures,  and  the 
ratio  of  the  squares  of  the  inner  radii  of  the  sample  tubes  used  for  the  thermal  equilibrium 
and  hypcrpolarized  experiments: 


so. 


[5.5] 


The  characteristics  of  the  scaled  thermal  equilibrium  reference  sample  and  of  the 

(low  of  the  pumping  gas  was  stopped  for  several  minutes,  are  shown  in  Table  I . The 
thermal  reference  sample  is  a flame-scaled  NMR  tube  containing  5 atm  of  xenon  gas 
(natural  isotopic  composition)  and  0.26  atm  of  oxygen  to  reduce  the  lz9Xe  relaxation  time 
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induction  decays  were  summed  using  an  acquisition  recycle  delay  of30s.  Substituting  the 


typical  parameters  of  Table  5-1  into  Equation  [5,5]  yields  an  enhancement  factor 


/■'  = 52,200  and  a polarization  of  P- 

= 46.2%. 

Table  5-1.  Experimental  values  used  to  calculate  ' 

Xc  polarization 

Value 

Thermal 

Laser-polarized  sample 

sample 

System  pressure 

4000  torr 

1986  torr 

0.95 

0.01 

1!9Xc  isotopic  fraction,/ 

0.264 

0.86 

Sample  tube  ID,  r 

7.9  mm 

5.4  mm 

FIDs  accumulated,  N, 

64 

1 

Signal  Integration.  S 

1.00 

6.49 

Enhancement  Factor,  / 
Polarization,  P, 

0.000885  % 

The  polarization  enhancement  factor  is  an  excellent  method  of  qualitatively 
comparing  the  ability  of  a polarizer  to  produce  polarized  >2qXc.  However,  the  advent  of 
high  volume  production  polarizers  necessitate  a more  quantitative  measure  of  a 
polarizer's  production.  The  rale  of  magnetization  production  can  be  given  as 


where  pxe  is  the  density  of  IMXe,  is  the  l29Xc  polarization,  and  dV/dt  is  the  change 

in  volume  with  respect  to  lime.  At  standard  temperature  and  pressure.  Equation  [5.6]  can 


where  K is  a constant,  and  F is  the  flow  rate  in  standard  cubic  centimeters  per  minute 
(seem).  This  can  be  used  to  calculate  the  magnetization  production  factor: 


[5.6] 


be  rewritten  as 


[5.7] 


MPF  = P„xF, 


[5.8] 


with  the  units  of  % polarization  - seem.  This  figure  of  merit  provides  a basis  for 
quantitatively  comparing  polarizers  on  the  IMXe  polarization,  and  the  rate  at  which  it  is 
produced. 

Cell  Temperature 

As  is  evident  from  Equations  [2.1]  - [2.4],  the  rate  of  ,wXe  magnetization 
production  by  spin  exchange  optical  pumping  is  dependent  on  the  fraction  of  the  laser 
power  absorbed  by  the  vapor.  This  in  turn  depends  on  the  rubidium  vapor  density.  The 
rubidium  vapor  density  increases  with  temperature  and  is  also  a function  of  the  pumping 
cell.  After  extended  use,  the  rubidium  metal  gradually  reacts  with  impurities  such  as 
oxygen  and  water  to  form  oxides.  These  oxides  form  solid  solutions  with  the  rubidium, 
lowering  its  vapor  pressure.57  Although  efforts  are  made  to  keep  the  entire  optical 
pumping  system  clean  and  free  of  oxygon,  the  optical  pumping  cell  needs  to  be  cleaned 
and  refilled  with  fresh  rubidium  metal  every  3-4  weeks  (equivalent  to  100  hours  of 
operation).  Figure  5-1  shows  three  laser  emission  spectra  at  different  pumping  cell 
temperatures  for  fresh  rubidium  metal  in  ''conditioned"  cells. 
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Wavelength  (nm) 


Figure  5-! . Rubidium  vapor  absorption  of  laser  light  at  795  nm  with  a cell  pressure  3400 

Temperatures  that  are  too  high  (Figure  5- 1 , 1 70  °C)  result  in  a high  rubidium 
vapor  density  that  absorbs  all  of  the  795  nm  laser  light  near  the  front  of  the  cell.  This 
leaves  unpolarized  rubidium  vapor  at  the  opposite  end  of  the  pumping  cell,  resulting  in 
lower  xenon  nuclear  polarization.  Temperatures  that  are  too  low  (Figure  5-1,  II0°C) 
result  in  a rubidium  atom  density  that  is  too  low  to  completely  absorb  all  of  the  available 
laser  light.  The  optimum  temperature  (Figure  5-1, 140  °C)  produces  a rubidium  vapor 
that  absorbs  nearly  all  the  laser  light,  yielding  uniformly  excited  rubidium  throughout  the 
length  of  the  cell.  Depending  on  the  cell  conditioning,  1 40  °C  is  not  always  the  optimum 
temperature  for  optical  pumping.  To  obtain  uniform  absorption,  the  cell  is  continuously 
monitored  using  the  Ocean  Optics  spectrometer. 
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An  interesting  phenomenon  develops  when  the  pumping  field  direction  is 
reversed  by  reversing  the  direction  of  the  current  in  the  Hcmhollz  pair.  The  phase  of 
xenon  NMR  signal  is  changed  by  ISO  degrees  when  the  pumping  field  is  reversed, 
indicating  an  inversion  of  the  MXc  polarization  at  high  field.  This  phenomenon  is 
currently  being  investigation. 

Gas  Flow 

In  continuous  flow  operation  mode,  the  flow  rate  of  the  gas  mixture  determines 
the  residence  time  of  a lwXe  atom  in  the  pumping  ceil  and  in  the  PFA  delivery  tubing. 
Figure  5-3  shows  a plot  of  S'  as  a function  of  the  pumping  gas  flow  rate  (in  mL/min)  at 
4.5  atm  total  pressure.  Each  data  point  is  the  average  value  of  ten  spectra.  After  the  gas 
flow  was  altered,  the  system  was  allowed  to  equilibrate  for  ten  minutes,  and  several 
spectra  were  acquired  to  ensure  that  the  polarizer  returned  to  steady  state.  Error  bars 
shown  arc  at  ± one  standard  deviation  of  the  mean. 
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Figure  5-3.  lwXe  polarization  enhancement  factor  as  a function  of  the  gas  fiow  rate  at  a 
system  pressure  of  4.5  atm  ( 1 % Xe  mixture)  and  a pumping  cell  temperature  of  1 40  °C 
and  210  W laser  power. 

A rapid  increase  in  polarization  is  observed  with  increasing  flow  up  to  a rate  of 
roughly  100  seem  before  leveling  off.  At  flow  rates  >150  mL/min,  the  '■  remained 
nearly  constant  up  to  250  mL/min,  the  highest  flow  that  could  be  obtained  with  the  gas 
handling  system.  Similar  results  (not  shown)  were  obtained  in  the  2.7  - 4.5  atm  range.  At 
a flow  rate  of  1 50  mL/min,  the  residence  time  in  the  250  cm3  optical  pumping  cell  is 
approximately  100  s,  while  the  transport  lime  in  the  PFA  tubing  is  roughly  3.6  s.  This 
indicates  that  the  residence  time  is  long  compared  to  the  l39Xc  spin-exchange  optical 
pumping  time  of  y^e  ■ which  sets  the  time-scale  for  reaching  the  steady  ,29Xc 
polarization  according  to 


Pi  (0  * htb  (• " '*P(-Ae')) ■" 


[5.9] 


The  dale  is  consistent  with  the  theoretical  estimation  of  *22  s reported  for  nearly 

identical  conditions  of  temperature  and  gas  composition  in  the  literature.**  Since  a lower 
flow  rate  will  only  increase  the  residence  time  in  the  pumping  cell,  the  sharp  decrease  in 
polarization  in  the  range  of 35-100  ntL/min  must  be  due  to  increased  relaxation  in  the 
PFA  tubing  during  transit  through  zero  Held. 

Pumping  Cell  Gas  Pressure 

The  dependence  of  /'  on  the  pumping  gas  mixture  pressure  was  observed  using 
two  different  gas  compositions.  There  are  several  previous  reports  indicating  the 
necessity  to  use  pressures  in  the  range  of  7- 1 0 atm  in  order  to  increase  the  optical 
absorption  by  means  of  pressure  broadening  of  the  rubidium  resonance  line.60,61,6*  As 
Figure  5-4  demonstrates,  the  highest  ■'  was  achieved,  in  both  the  1%  and  5%  Xc 
mixtures,  at  only  2.5-3  atm.  This  is  probably  due  to  the  reduced  laser  tinewidth  of  1 .6  nm 
of  the  LDA  employed  in  our  polarizer.  In  accordance  with  Equation  [2,2],  the  ability  to 
perform  spin-exchange  optical  pumping  at  substantially  reduced  pressure  is  advantageous 
since  spin  destruction  of  the  rubidium  is  reduced,  thereby  allowing  the  rubidium 
polarization  to  obtain  a higher  value.  The  xenon  relaxation  rate  is  also  the  lowest  at  this 
pressure.57  The  rubidium  composition  ultimately  limits  the  maximum  lz9Xc  nuclear 
polarization  that  can  be  obtained. 


Figure  5-4.  l29Xc  polarization  enhancement  factor  as  a function  of  the  system  pressure  at 
a constant  flow  rate  of  150  ntL/min.  The  cell  temperature  was  140  °C.  Circles:  1%  Xe 
mixture  at  150  W.  Diamonds:  2%  Xe  mixture  at  210  W.  Each  data  point  is  the  average 
value  of  five  spectra.  After  the  pressure  was  altered,  the  system  was  allowed  to 
equilibrate  for  ten  minutes,  and  several  spectra  were  acquired  to  ensure  that  the  polarizer 
returned  to  steady  state.  Error  bars  shown  are  at  ± one  standard  deviation  of  the  mean. 

Gas  Composition 

The  composition  of  the  gas  mixture  used  for  optical  pumping  strongly  affects  the 
observed  l29Xe  polarization.  Since  the  NMR  signal  is  directly  proportional  to  the  nuclear 
magnetization,  increasing  the  polarization  by  reducing  the  xenon  partial  pressure  may  not 
actually  produce  a larger  NMR  signal,  because  of  the  decrease  in  spin  density.  While  the 

experiments  may  require  a greater  amount  of  polarized  129Xc,  so  the  optimum  gas 

observed  1 29Xe  nuclear  polarization  and  magnetization  production  value  (MPV)  on  the 


xenon  concentration  in  the  gas  mixture.  The  polarization  values  shown  are  not  the 
maximum  values  achieved,  but  rather  the  typical  values  observed  in  day-to-day 
operations  of  the  polarizer.  The  MPV  is  taken  to  be  the  product  of  the  observed  ,29Xe 
polanzauon,  and  the  flow  rate,  in  seem. 


Table  5-2.  UF-NHMFL  polarizer  performance  characteristics. 


Laser  Power  (W) 


Laser  Power 

The  ability  to  perform  spin  exchange  optical  pumping  with  a laser  power  up  to 
210  W affords  a unique  opportunity  to  study  the  optical  power  dependence  of  the 1 ;,Xe 
nuclear  polarization.  For  example,  as  shown  in  Figure  5-5,  at  a pumping  cell  temperature 
of  140  °C  the  lnXe  nuclear  polarization  increases  linearly  with  increasing  laser  power  up 
to  1 50  W and  then  levels  off. 


pumping  cell.  Under  Ihcse  condilions,  the  temperature  can  become  unstable  as  this 


heating  results  in  an  increased  rubidium  density  that  in  turn  further  increases  the  optical 
absorption.  As  this  occurs,  the  front  of  the  cell  becomes  optically  dense,  and  the  beam 
docs  not  polarize  the  vapor  near  the  rear  of  the  cell.  Thus,  it  was  found  to  be  imperative 
to  monitor  the  temperatures  at  the  front  and  rear  windows  of  the  pumping  cell  with 
independent  thermocouple  devices  so  that  large  temperature  gradients  could  be  avoided 
at  high  laser  power.  The  heating  effect,  thermal  gradient,  and  temperature  control 
problems  made  it  too  difficult  to  obtain  the  laser  power  dependence  at  higher 
temperatures  where  the  optical  absorption  of  the  vapor  does  not  saturate. 

The  data  reported  in  Figure  5-5  is  rather  misleading,  as  improvements  made  to 


The  polarizer  is  currently  able  to  produce  a xenon  flow  with  43%  polarization.  However, 
the  trend  seen  in  Figure  5-5  remains  the  same,  such  that  the  system  is  still  not  operating  at 
the  optimal  rubidium  atom  density  at  laser  powers  greater  than  1 50  W.  Based  on  the 
trends  seen  in  Figure  5-5  and  the  data  taken  aflcr  the  polarizer  enhancements,  a value  of 
60%  xenon  nuclear  polarization  appears  to  be  possible  with  this  polarizer. 

Conclusions 

The  highest  ,z9Xc  polarization  obtained  in  continuous  flow  mode  was  43%  using 
the  1%  Xe  pumping  gas  mixture  at  a Xe  flow  rate  of  4.8  seem.  A lz9Xc  polarization  of 
46%  has  been  recorded  under  static  conditions.  To  our  knowledge  these  arc  the  highest 
levels  of  l!9Xe  polarization  to  be  achieved  in  an  LDA  based  ,wXe  polarizer,  and 
furthermore,  the  MPF  also  appears  to  be  higher  than  any  other  previous  literature  report 
at  any  flow  rate.  The  improved  performance  is  most  likely  attributed  to  the  high  laser 
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power  and  narrow  laser  line  width.  As  discussed  above,  the  reduced  linewidth  allows  a 
lower  pumping  pressure  to  be  used. 

The  >29Xc  nuclear  polarization  obtained  with  this  LDA  based  system  approaches 
that  of  the  titanium  sapphire  based  polarizer,  but  the  capacity  of  the  LDA  system,  in 
terms  of  the  rate  of  l29Xe  magnetization  produced,  is  far  greater.  The  ability  to  generate 
quantities  of  highly  polarized  l29Xc  in  excess  of  I L-atm/hour  will  facilitate  superior 
results  in  both  ID  and  2D  NMR  experiments.  Further  improvements  in  performance  are 
anticipated  once  temperature  gradient  and  temperature  control  problems  are  remedied. 
The  ability  to  utilize  the  2 10  W laser  system  to  achieve  even  higher  polarization  and  MPF 
than  reported  here  will  depend  on  ability  to  achieve  more  uniform  excitation  of  the  vapor 
and  belter  temperature  control  of  the  pumping  cell.  One  possibility  being  considered  is  to 
split  the  laser  output  into  two  parts  and  irradiate  the  pumping  cell  from  both  the  front  and 
rear  by  two  counter-propagating  beams  of  opposite  helicity  of  the  circular  polarization. 
Optimization  of  the  pumping  cell  and  laser  beam  geometry  may  also  mitigate  the 
problems  associated  with  temperature  gradients  at  high  laser  power. 


CHAPTER  6 

MR1  OF  LASER  POLARIZED  XENON- 129 

Introduction 

Magnetic  resonance  imaging  (MRIJ  is  a 2D  or  3D  spatial  representation  of  NMR 
signal  intensities.  In  its  most  conventional  form,  it  is  a mapping  of  spin  density,  where 
the  picture  element,  or  pixel,  intensity  is  proportional  to  the  number  of  nuclei  of  a 
specified  isotope  contained  in  the  volume  element,  or  voxel.'"  In  clinical  settings,  MR! 
of  water  protons  has  become  one  of  the  most  versatile  and  powerful  non-invasive 
imaging  methods.6’ 

MR1  is  based  on  the  principle  that  the  Larmor  frequency,  eio.  of  a nuclear  spin  is 
proportional  to  the  local  magnetic  field  it  experiences: 

®o=Z»o  [6-1] 

where  y is  the  nuclear  gyromagnctic  ratio  and  Bo  is  the  applied  magnetic  field.  If  a linear 
magnetic  field  gradient  is  applied  across  a sample,  the  Larmor  frequency,  aij,  will  be  a 
linear  function  of  the  displacement  along  the  gradient  axis.  Equation  [6.1]  can  be 
expanded  to  include  a field  gradient: 

a.1=r(A,+Ci;)  [6.2] 

where  r„  and  G are  vectors  representing  the  gradient  amplitude  and  direction  with  units 
of  field  strength  per  unit  length  [c.g.,  millitcsla  per  meter  (mT/m)].M  When  combined 
with  rf  pulses,  the  application  of  gradients  along  different  axes  results  in  a frequency  or 


(vii)  NMR  signal  intensity  of  a voxel  is  also  dependent  on  relaxation  mechanisms. 
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phase  encoding  of  the  position  of  the  nuclear  spins.  The  sequence  of  rf  pulses,  dc  field 
gradient  pulses,  and  delays,  is  referred  to  as  an  imaging  pulse  sequence.  A variety  of 
imaging  sequences  has  been  developed  for  encoding  spatial  information  into  the  nuclear 
magnetization,  figure  6-1  shows  the  basic  spin-echo  imaging  sequence  that  is  commonly 
used  to  generate  2D  MR  images. 


90°  180°  90° 

-4 — | 4— 

csj\j — n_i Tj — 


-4^ 


TR ► 

► time 

Figure  6-1 . Basic  spin  echo  pulse  sequence  where  TE  refers  to  the  echo  formation  time, 
and  TR  is  the  time  in  which  the  pulse  sequence  is  repcatcdvln 

Three  linear  field  gradients  arc  used,  one  along  each  of  the  x,  y,  and  z axes. 

These  gradients  correspond  to  one  or  more  of  the  functional  gradients  that  are  used  to 
generate  an  image:  slice  selection,  frequency  encoding,  and  phase  encoding.  Each  are 
applied  during  certain  periods  of  the  imaging  sequence.  To  select  an  imaging  plane  along 
the  z-axis,  the  slice  select  gradient,  Gs,  is  applied  along  the  z-axis  during  the  rf  excitation 
pulse.  Typically,  the  excitation  pulse  is  a weak  or  shaped  pulse,  and  excites  only  a 
narrow  frequency  band  corresponding  to  the  resonance  condition  for  spins  within  a 
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specified  plane  of  Ihe  sample,  A variable  phase  encode  gradient,  G0.  is  subsequently 
applied  along  the  x-axis.  During  this  gradient  pulse,  the  single  quantum  coherence  that 
was  excited  at  a given  displacement,  rx , in  the  selected  slice  has  a phase  described  by 

f>(r,)  = r{Bc  + G,-r.)r,,  [6.3] 

where  t,  is  the  pulse  length  of  the  phase-encoding  gradient.  Finally,  the  frequency 
encoding  gradient,  Gr,  is  applied  along  Ihe  y-axis  during  the  detection  period.  The 
displacement  e.  along  the  y-axis  is  proportional  to  the  frequency  of  the  detected 
transverse  magnetization, 

ru,=y(B0+G,rr).  [6.4] 

To  obtain  a complete  two-dimensional  image  in  the  x-y  plane,  the  pulse  sequence 
is  repeated  and  the  NMR  signal  is  collected  as  a function  of  the  phase  encoding  gradient 
strength.  For  example,  if  a two  dimensional  image  consisting  of  1 28x64  pixels  is  to  be 
obtained,  the  read  gradient  must  be  large  enough  to  separate  the  spins  into  128  different 
observable  frequencies,  and  Ihe  sequence  is  repeated  64  times,  each  with  a different 
phase  gradient  strength.  The  resulting  data  matrix  is  a 2D  FID  which  is  Fourier 
transformed  in  each  dimension  to  yield  a 2D  frequency  plot.  Because  the  observed 
frequencies  are  proportional  to  the  position  in  the  sample,  this  2D  frequency  plot 
represents  a spatial  image  of  the  sample,  where  pixel  intensity  is  equivalent  to  the 
amplitude  of  the  NMR  signal  resulting  from  spins  detected  within  drat  pixel.  In  the 
sequence  shown  in  Figure  6-1,  TE  is  the  time  allowed  for  echo  formation,  and  TR  is  the 
repetition  time,  or  the  time  in  which  the  sequence  is  repeated.  Altering  TE  affects  T2 
weighting  of  the  image,  while  TR  affects  T 1 weighting. 


As  iii  all  analytical  imaging  techniques,  there  is  a constant  push  to  improve  the 
resolution  and  contrast  of  MRI.  Image  resolution  is  limited  by  signal  intensity  and  the 
instrument  gradient  strength.  In  clinical  imaging,  the  former  is  far  more  limiting  than  the 
latter.  Contrast  is  limited  by  the  difference  between  neighboring  spins  of  density, 
chemical  shift,  or  relaxation  rate. 

In  clinical  practice,  protons  of  free  water  in  tissues  arc  imaged.  While  providing 
excellent  physiological  information,  there  are  some  tissues  that  cannot  be  successfully 
imaged  by  proton  MRI.  In  some  eases  proton  MRI  provides  little  contrast  within  tissues 
because  the  concentration,  chemical  shift,  and  relaxation  times  have  little  variation.  For 
example,  the  water-free  gas  space  of  the  lung  volume  provides  no  detectable  'HjOMRl 
signal.  Similarly,  the  lipid-rich  areas  of  white  matter  provide  little  free  water  to  generate 
MR  signals  in  the  brain. 65  Other  MR  detectable  nuclei  occur  in  such  small  concentrations 
that  low  signal-to-noisc  (SNR)  values  limit  their  clinical  use.  Spin  polarized  xenon- 129 
can  be  administered  to  a living  human  or  animal  specimen  via  inhalation  or  injection.66 
Although  these  methods  yield  relatively  low  in-vivo  concentrations  of  xenon-129,  NMR 
signal  enhancement  due  to  SEOP  prior  to  administration  allows  l29Xe  images  with 
sufficient  SNR  for  in  vivo  clinical  studies.66 

Since  the  first  report  of  MRI  of  polarized  l29Xe  by  Albert  el  al.  in  1994, 67  there 
has  been  rapid  development  in  the  area  of  polarized  xenon  gas  MRI  in  both  biological 
systems,66'70  and  materials  applications.71’ 72  Polarized  ,26Xc  has  been  imaged  in  both 
human  and  guinea  pig  lungs,73  detected  and  imaged  in  brain  tissues,74  and  used  as  a 
contrast  agent  in  angiography.75 
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The  application  of  polarized  gases  io  human  clinical  MRI  has  prompted  the 
formation  of  Medical  Imaging  Technologies  Inc.  (MITI).  a commercial  venture  dedicated 
to  producing  polarized  gas  generators  for  medical  research.  MITI  holds  several  patents 
regarding  polarized  gas  generators  and  applications  of  polarized  gas  MRI.1'  With  botli 
industrial  and  academic  interest,  the  Held  of  polarized  gas  imaging  is  rapidly  growing  as 
both  a research  tool  and  marketable  clinical  diagnostic  device. 

The  development  of  polarized  gas  imaging  is  far  from  exhausted;  new 
applications  to  both  materials  and  medical  imaging  are  abundant.  While  the  UF-NHMFL 
polarizer  provides  the  ability  to  participate  in  this  area  of  research,  the  interest  to  develop 
new  techniques  for  polarized  l!,Xc  imaging  has  prompted  our  investigation  of  the 
feasibility  of  polarized  liquid  xenon  imaging.  NMR  of  liquid  polarized  Xe  has  been 
previously  reported  by  several  research  groups,76*77  with  initial  MRi  results  reported  by 
Tseng  el  al.”  However,  the  full  potential  of  polarized  liquid  Xe  NMR  and  MRI,  in  terms 
of  maximum  available  signal,  resolution  and  contrast,  has  yet  to  be  fully  explored. 

Polarized  liquid  xenon  is  of  significant  interest  because  it  provides  a 
magnetization  source  that  can,  ui  principle,  be  much  greater  than  that  of  water  protons, 
even  at  the  highest  attainable  magnetic  fields.  In  MRI  applications  increased  signal 
translates  into  higher  resolution  and/or  less  signal  averaging.  The  intensity  of  a MRI 
voxel  can  be  described  by; 

/ oc  P-n-/i-s\n{a)-aL  [6-5] 
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where  P is  ihe  polarization  of  Ihc  nuclei,  n is  the  nuclear  number  density  (spin  density),  p 
is  the  nuclear  magnetic  moment,  a is  the  tip  angle  of  the  NMR  excitation  pulse,  and  o»u  is 
the  Larmor  frequency,”  Table  6-1  shows  the  relative  signal  intensities  for  protons  of 
water  and  xenon  samples  (natural  abundance)  at  9.4  Tesla.  The  signal  intensity  for 
protons  in  water  has  been  normalized  to  1 .00  to  facilitate  comparison.  Density  of  xenon 
gas  and  liquid  is  taken  at  1 atmosphere  and  298  K and  165  K respectively.  Experiment 
time  (hours:minutcs:scconds)  is  the  time  required  to  obtain  a 256x256  image  matrix  using 
the  given  experimental  conditions. 


Table  6- 1 : Relative  signal  intensities  for  proton  and  xenon  samples  using  Equation  16.51 
Sample  'H.O  (I)  Xo(g)  Polarized  Polarized 

Jfefci 

0.20  0.20 

2.70  356 

0.388  0.388 

4.5  4.5 


Polarization 

N ( 1 019  atoms/cm3) 

p(IO'“j/T) 


<0l(MHz)  400.1  110.6 

Normalized  Signal  1.00  2.04  x 10* 

Experiment  Time 1 :25:20 


110.6  110.6 

3.62  xIO3  1.98 

0:01:09 0:01:09 


Table  6- 1 demonstrates  the  possibility  of  obtaining  high-resolution  images. 


without  signal  averaging,  that  have  twice  the  signal  of  the  best  possible  proton  images. 
Scan  time  is  reduced  in  the  case  of  polarized  xenon  because  there  is  no  need  to  wait  for 
Ti  relaxation  in  the  sample.  In  the  interest  of  shortening  experiment  times,  clinical  'HrO 


images  are  not  acquired  under  the  best  conditions.  Compared  to  clinical  images, 
polarized  liquid  xenon  MR1,  at  the  above  conditions,  has  a 150-fold  increase  in  signal 
with  equivalent  scan  times. 

Sauer  et  al.  were  the  first  to  report  NMR  of  polarized  liquid  xenon.76  Using  the 
polarized  xenon  flow  generator  described  by  Drichuys  el  al.m  approximately  one  gram  of 
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solid  xenon  was  collected  and  isolated  in  a cryogcn  trap.  The  xenon  solid  was  transferred 
to  a sample  cell  and  warmed  to  200  K,  where  the  associated  xenon  vapor  pressure  is  five 
atmospheres.  Polarization  of  the  liquid  xenon  was  reported  to  be  6%.  The  Ti  of  liquid 
xenon  was  observed  to  be  25  minutes  at  14k  G and  20  minutes  at  0.5  G.  It  has  also  been 
demonstrated  that  polarized  liquid  xenon  may  be  used  as  a solvent  for  organic  solute 
molecules.*1  Cross  polarization  from  the  polarized  xenon  liquid  to  the  solute  resulted  in 
signal  enhancements  of  45  and  70  fold  for  the  lH  and  ,3C  NMR  signals,  respectively. 

In  1999  Tseng  ctal.  reported  magnetic  resonance  imaging  of  laser  polarized 
liquid  xenon. !s  An  MR1  study  of  convection  between  the  liquid  and  gaseous  stale  of 
polarized  xenon  was  subsequently  published.*2  In  these  experiments,  xenon  gas  was 
polarized  to  5%  using  the  standard  SGOP  technique,  and  then  condensed  and  isolated  in  a 
small  Pyrex  cell.  This  cell  was  kept  at  166  K,  where  the  vapor  pressure  of  xenon  is  - 1 
atmosphere.  Approximately  50  mmJ  of  polarized  liquid  xenon  was  generated  with  this 
technique.  The  image  resolution  limit  of  polarized  liquid  xenon  at  166  K was  calculated 
to  be  -10  pm3  with  no  signal  averaging,  and  a gradient  strength  of 400  G/cm.  Potential 
applications  of  polarized  liquid  xenon  as  a magnetization  source  for  MR1  include  the 
study  of  density  equilibration  in  critical  fluids,  MRI  investigation  of  two-phase  (liquid 
gas)  phenomena,  and  probing  porous  media  microstructurcs  using  low-field  MRI. 

Low-field  NMR  and  MRI  is  limited  in  thermally  polarized  samples,  as  the 
polarization  is  proportional  to  the  applied  magnetic  field.  This  is  why  recent  efforts  have 
been  made  to  develop  larger  magnets  as  a method  to  increase  SNR  of  MR].83  However, 
when  using  hypetpolarized  magnetization  sources  such  as  polarized  xenon  gas  and  liquid, 
large  magnetic  fields  are  not  required  to  generate  the  nuclear  polarization.  Tseng  el  al. 
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reported  laser-polarized  l2QXc  MRI  at  a field  of2IG.  At  these  low  fields,  magnetic  field 
susceptibilities  no  longer  limit  tile  resolution  of  MRI.*4 

Leawoods  el  al .*5  and  Haake el  a!*'1  have  reported  studies  using  polarized 
supercritical  xenon.  In  both  of  these  studies,  ,29Xe  gas  was  polarized  in  SEOP  polarizers 
and  then  isolated  in  small  volume  NMR  tubes.  Experiments  were  carried  out  near  room 
temperature  and  al  pressures  of  80  - 1 80  atmospheres,  well  above  the  critical  point  of 
xenon.  Haake  el  al,  were  able  to  demonstrate  signal  enhancements  of  140  relative  to  the 
equilibrium  signal.  Leawoods  el  al.  generated  supercritical  xenon  with  a polarization  of 
5%,  and  using  it  as  a solvent,  observed  cross-polarization  from  the  xenon  to  protons  of 
organic  solute  molecules. 

Given  the  demonstrated  utility  of  polarized  liquid  xenon,  we  performed 
experiments  with  the  UF-NHMFL  polarizer  to  demonstrate  the  ability  to  generate  usable 
amounts  (0.2  mL)  of  polarized  liquid  xenon  for  MRI  and  NMR  experiments  with  higher 
lwXe  polarization  than  previously  reported.  A novel  procedure  was  developed  in  which 
the  entire  polarization,  collection,  and  detection  process  occurs  in  a closed  loop 
environment.  This  approach  has  the  advantage  that  the  polarized  liquid  xenon  can  be 
recirculated  and  repolarized  for  use  in  subsequent  experiments.  The  xenon  is  transported 
directly  into  the  bore  of  the  superconducting  magnet  where  it  is  cryogcnically  frozen  out 
of  the  helium-nitrogcn-xcnon  gas  mixture  using  the  variable  temperature  control  of  the 
Bruker  NMR  probe.  This  collection  method  reduces  polarization  loss  due  to  Ti 
relaxation  because  the  entire  process  occurs  in  the  high  magnetic  field  of  the  NMR 


magnet. 
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The  purpose  of  the  project  was  to  collect  high-resolution  images  of  polarized 
liquid  xenon  and  compare  those  images  to  equivalent 1 IfO  images.  The  ability  of  the 


previously  reported  allows  the  production  of  milliliter  quantities  ofliquid  xenon  with  a 
nuclear  polarization  of  20%.  This  method  for  the  production  of  polarized  liquid  xenon  is 
much  simpler  than  methods  previously  reported,  and  allows  for  rapid  repetition  of 
polarized  liquid  xenon  NMR  and  MR1  experiments. 

Experimental  Results  and  Discussion 

Instrumentation 

All  xenon  imaging  experiments  were  performed  using  the  Brukcr  10mm  high 
resolution  probe  in  conjunction  with  an  imaging  gradient  insert  (Model  S043,  Brukcr  Inc. 
Billerica.  MA).  These  gradients  have  a maximum  strength  of  1000  mT/m  in  the  x,  y,  and 
z direction.  For  imaging  experiments,  the  stainless  steel  sheath  of  the  10mm  probe  used 
for  spectroscopy  experiments  was  replaced  with  a fiberglass  sheath.  The  stainless  steel 
sheath  can  develop  eddy  currents  when  the  gradients  switch  on  and  off.  These  currents 
can  cause  fluctuations  in  the  local  magnetic  field  that  lead  to  image  distortions.  The 
fiberglass  sheath,  because  it  is  non-conducting,  docs  not  these  eddy  currents.  The 
gradients  were  cooled  with  recirculating  chilled  water  at  all  times  to  prevent  overheating 
of  the  gradients  during  gas  imaging,  and  to  prevent  freezing  during  liquid  xenon  imaging. 
Images  were  acquired  and  processed  using  Broker's  Paravision  V2.0.1  software. 
Thermal  Xenon-129  Gas  Imaging 

To  prepare  for  polarized  xenon  imaging,  the  spectrometer  was  first  set  up  to 
image  thermally  polarized  xenon.  This  provided  a method  of  optimizing  many  of  the 


images  of  a Ihermal  slandard  gas  sample  conlaining  5.0  atmospheres  of  xenon  gas 
(natural  abundance)  and  0.26  atm  of  oxygen  gas  were  acquired.  The  O;  was  added  to 
reduce  the  Ti  relaxation  time  of  the  l29Xc  to  1.9  seconds  (as  compared  to  Ti>90  minutes 
for  pure  Xe  gas),  as  measured  by  inversion  recovery.  The  reduction  in  T|  enables 
relatively  rapid  signal  averaging,  which  is  not  practical  otherwise,  A 90°  pulse  calibration 
was  made  by  incrementing  the  rf  excitation  pulse  length,  while  keeping  the  pulse  power 
constant.  A plot  of  signal  intensity  vs.  pulse  length  results  in  a sinusoidal  plot  with  the 
first  maximum  corresponding  to  the  90°  pulse  length. 

Images  were  collected  using  the  gradient-echo  pulse  sequence  (GEFI)  shown  in 
Figure  6-2.  This  pulse  sequence  uses  dc  field  gradients  to  form  the  echo,  differing  from 
the  spin-echo  sequence  which  uses  an  rf  pulse.  The  GEFI  sequence  is  advantageous  for 
polarized  gas  MRI  because  it  allows  the  use  of  a small  lip  angle  pulse  to  create  transverse 
magnetization  at  the  beginning  of  the  sequence.  The  use  of  a small  tip  angle  pulse  allows 
only  a small  fraction  of  the  total 1 :*Xe  magnetization  to  be  used  for  each  increment  in  the 
phase  encode  gradient.  For  a small  enough  tip  angle,  the  magnitude  of  the  transverse 
magnetization  remains  nearly  constant  over  the  course  of  the  2D  acquisition,  and  the 
entire  image  can  be  collected  using  a single  batch  of  polarized  xenon. 

While  a small  tip  angle  initial  pulse  could  in  principle  also  be  implemented  in  a 
spin-echo  imaging  sequence,  such  an  experiment  would  require  a highly  homogeneous 
and  accurate  1 80°  pulse.  Miscalibralion  or  spatial  rf  inhomogeneity  in  the  180°  rf  pulse 
leads  to  an  undesired  depletion  of  the  l29Xe  magnetization. 
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Figure  6-2.  Gradient-echo  pulse  sequence  where  u denotes  the  tip  angle' 

A major  drawback  of  the  GEFI  sequence  becomes  more  evident  at  high  magnetic 
fields  (>3  T).  Spatial  variation  of  the  diamagnetic  susceptibility  within  the  volume  to  be 
imaged  produces  inhomogcncitics  in  the  local  magnetic  field  that  are  proportional  to  the 
applied  magnetic  field.  As  a result,  the  magnetic  field  gradient  in  the  vicinity  of  an  abrupt 
change  in  the  diamagnetic  susceptibility  is  distorted,  and  the  linear  relationship  between 
Larmor  frequency  and  displacement  no  longer  holds.  In  the  spin-echo  sequence,  the  1 80 
pulse  causes  the  transverse  magnetization  to  refocus  even  in  the  presence  of  these  field 
distortions.  Thus,  the  spin-echo  sequence  produces  images  that  are  free  of  susceptibility 
artifacts.  However,  in  sequences  using  gradient  echoes,  such  as  GEFI  and  EPI  (echo 
planar  imaging  sequence),  distortions  due  to  susceptibility  variations  are  magnified  and 
are  proportional  to  the  B0  field.  This  leads  to  image  artifacts,  which  decrease  resolution 
and  image  quality. 


(x)  Pulse  sequence  adapted  from  Brown.  A.  MRI  Basic  Principles  and  Applications,  Wiley  and  Sons,  New 
York,  01999 


Calibration  of  the  xenon  gas  thermal  reference  90°  hard  rf  pulse  was  completed, 


as  was  the  T i measurement.  The  Ti  relaxation  time  was  1 .9  s,  which  requires  a recycle 
delay  (TR)  time  of  10  seconds  to  ensure  complete  T i relaxation.  Despite  the  high 
pressure  of  xenon  in  the  themial  reference  sample,  the  image  had  to  be  signal  averaged 
5 1 2 times  in  order  to  obtain  a reasonable  SNR.  Images  obtained  from  the  xenon  gas 
reference  sample  are  shown  in  Figure  6-3.  The  values  for  in  plane  resolution  arc  obtained 
by  Equation  [6.6]: 

M 

where  FOV  is  the  field  of  view,  and  MD  is  the  matrix  dimension  of  the  image. 


Figure  6-3.  Non-slicc-sclcctivc  gradient  echo  images  of  thermally  polarized  xenon  a) 
Sagittal  image,  64x32  imaging  matrix,  FOV=4.0  cm,  90°  tip  angle,  5 1 2 signal  averages, 
TR=5  s,  TE=I2  ms,  in  plane  resolution  =0.7  mm  x 1 .6  mm,  experiment  time  =22:45:20 
b)  Axial  image,  64x32  imaging  matrix,  FOV=2.6  cm  , 90°  tip  angle,  488  signal  averages, 
TR=5  s,  TE=I2  ms,  in  plane  resolution  =0.4  mm  x 0.81  mm,  experiment  time=2l  :41 :20 

The  image  in  Figure  6-3a  shows  the  bottom  of  the  sample  tube,  but  docs  not  show 
the  top.  The  top  of  the  image  is  not  the  end  of  the  sample,  but  rather  the  end  of  the 
detection  coils.  The  TR  of  the  both  images  is  only  5 s instead  of  the  10  s delay  required 


for  complete  T i relaxation.  The  shorter  TR  was  used  in  an  effort  to  keep  the  experiment 


times  within  practical  limits. 

These  images  of  the  xenon  gas  reference  demonstrate  the  ability  of  tile  NMR 
spectrometer  to  acquire  xenon  images.  In  spite  of  the  long  acquisition  times,  tile  signal- 
to-noisc  ratio  (SNR)  and  resolution  arc  comparatively  low.  Both  of  these  values  could  be 
increased  with  additional  signal  averaging.  However,  this  becomes  impractical  due  to 
extended  experiment  times,  which  has  led  to  the  motivation  of  developing  laser-polarized 
imaging  methods. 

Polarized  Xenon-129  Gas  Imaging 

Following  the  successful  demonstration  of  xenon  imaging  of  the  thermal  standard, 
imaging  experiments  were  performed  using  polarized  xenon  gas.  The  polarizer  was 
operated  in  the  recirculation  configuration  under  the  operating  conditions  listed  in  Table 


Table  6-2.  Polarizer  operating  conditions  for  polarized  xenon  gas  imaging 

Variable Value 

Laser  Power  ISOW 

Pumping  Cell  Temperature  1 60°C 

Pumping  Cell  Field  20G 

Gas  Pressure  3300  Ion- 

Gas  Flow  Rate  146  mL/min 

Gas  Mixture  5%Xc/  5%N,/  90%He 

Polarization -10% 


Prior  to  acquisition  of  the  IMXc  image,  NMR  spectra  of  the  flowing  xenon  gas 
were  obtained  for  estimating  the  ,wXe  nuclear  polarization  according  to  Equation  [2.9], 
Alter  confirming  that  the  polarizer  was  generating  u5Xc  at  the  desired  level  of 
polanzauon,  axial  images  of  the  gas,  similar  to  Figure  6-3b,  were  obtained. 


Figure  6-4  presents  axial  gradient-echo  images  of  the  polarized  l!,Xc  gas. 

Typical  polarized  gas  images  require  the  use  of  small  tip  angles  so  as  to  only  sample 
portions  of  the  xenon  magnetization.  This  is  necessary  because  the  bulk  magnetization 
will  not  regenerate  due  to  T|  relaxation.  Because  this  sample  was  a constant  flow1  of 
polarized  xenon  gas,  the  sample  within  the  rf  coils  was  constantly  being  refreshed.  This 
allowed  for  the  use  of  90°  pulses.  TR  was  set  to  500  ms  so  that  the  sample  cell  had 
ample  time  to  refill  with  freshly  polarized  l29Xe  gas. 

The  poor  SNR  of  these  images  is  due  to  the  flow  displacement  during  the  echo 
time  of  the  pulse  sequence.  Because  imaging  techniques  are  highly  dependent  on  the 
position  of  the  nuclei,  the  echo  is  attenuated  due  to  the  net  displacement  that  occurs 
between  the  rf  excitation  pulse  and  the  echo  formation  gradients.  The  gas  flow  rale 
through  the  NMR  cell  was  -10  cm/s.  The  effect  of  flow  is  evident  by  the  increased 
signal  seen  at  the  walls  of  the  NMR  lube  in  both  Figures  6-4a  and  b.  This  is  presumably 
due  to  a flow  reduction  near  the  walls  due  to  gas-wall  interactions. 


a) 


Figure  6-4.  Axial,  non-slice-seleclive,  gradient  echo  image  of  polarized  xenon  gas  flow 
a)  64x64  imaging  matrix.  FOV=  2.0  cm,  90°  tip  angle,  single  FID,  TR=500  ms.  TE=7 
ms,  in  plane  resolution  0.3  mm,  experiment  lime=0:00:32,  b)  64x64  imaging  matrix, 
FOV=  2.0  cm,  90°  tip  angle,  1 28  signal  averages,  TR=500  ms.  TE=7  ms,  in  plane 
resolution  0.3  mm,  experiment  time=l  :08:16 

Flow  conditions  would  not  be  appropriate  in  applications  where  the  highest 
possible  resolution  is  desired.  However,  several  applications  exist  where  a gas  flow  is 
beneficial  or  even  required,  such  as  velocity  imaging  of  gas  through  porous  materials. 
While  the  images  presented  m Figure  6-4  do  not  exhibit  high  resolution,  they  do 
demonstrate  the  ability  to  collect  images  of  polarized  xenon  gas  in  a flow  mode  of 
operation.  Despite  the  poor  resolution  caused  by  flow,  these  experiments  demonstrate  the 
feasibility  to  acquire  single  FID  IMXe  images  with  adequate  SNR  (Figure  6-4a). 
Averaging  128  signal  transients  improved  the  SNR,  but  also  lengthened  the  experiment 
time  considerably  (Figure  6-4b).  Compared  to  the  themial  xenon  gas  images  in  Figure  6- 
3,  which  required  22.8  hours  to  complete,  the  images  in  Figure  6-4  have  comparable  SNR 
and  resolution,  yet  took  32  s to  acquire. 


Polarized  Liquid  Xenon-129  Imaging 

Liquid  xenon  was  generated  by  collecling  Ihe  xenon  as  a solid  in  Ihe  NMR  sample 
tube,  isolating  the  sample  assembly  from  the  polarizer,  and  raising  the  sample 
temperature  to  a value  greater  than  the  melting  point  of  xenon.  The  melting  point  of 
xenon  is  161  K,  and  the  boiling  point  is  165  K at  a pressure  of  one  atmosphere.  For 
liquid  xenon  to  form,  the  partial  pressure  of  xenon  gas  in  the  sample  assembly  must 
exceed  the  vapor  pressure  of  the  liquid,  which  is  linearly  dependent  on  temperature  (e.g., 
0.79  atm  at  161  K and  5.0  atm  at  200  K).  If  the  vapor  pressure  is  not  reached,  the  solid 
xenon  will  simply  sublime  into  the  gas  phase  when  warmed. 

When  operating  under  recirculating  conditions,  Ihe  total  amount  of  Xe  in  the 
pumping  cell  and  delivery  tubing  is  relatively  small.  To  increase  the  amount  of  xenon 
available  for  liquification,  a 2.2  L reservoir  tank  was  inserted  into  the  polarizer 
recirculation  system.  This  increased  Ihe  total  volume  of  the  system  (rom  0.4  liters  to  2.6 
liters.  Operation  under  recirculating  conditions  is  ollen  preferable  because  of  the 
reduction  in  impurities  admitted  into  the  system,  and  because  a negligible  amounl  of  the 
XC/N2/HC  gas  mixture  is  lost  in  each  experiment.  Recirculation  of  the  gas  mixture  is 
therefore  highly  economical  and  extends  the  working  lifetime  of  the  optical  pumping  cell. 

Polarized  solid  xenon  was  generated  by  operating  the  polarizer  in  the  recirculating 
mode  under  the  conditions  listed  in  Table  6-3.  At  these  flow  rates,  it  takes  16  minutes  for 


the  gas  to  be  recirculated. 
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Laser  Power  210  W 

Pumping  Cell  Temperature  145  °C 

Pumping  Cell  Field  20  G 

Gas  Pressure  2200  torr 

Gas  Flow  Rate  1 60  mL/min 

Gas  Mixture  5%Xc/  5%N;/  90%He 

Xe  (k)  polarization -10% 

Prior  to  cooling  the  probe  to  condense  the  polarized  Xe,  several  1 D NMR  spectra 
re  acquired  of  the  polarized  lwXe  gas  to  ensure  that  the  polarizer  was  generating 


polarized  xenon  gas  in  a stable  manner  These  spectra  were  also  used  to  calculate  the 
nuclear  polarization  of  the  l29Xe  gas.  The  sample  tube  was  then  cooled  to  1 53  K using 
the  Bruker  variable  temperature  system.  During  the  low  temperature  (<  0 °C)  runs,  water 


was  circulated  Utrough  the  imaging  gradient  coil  assembly  to  keep  it  warm,  thus 


preventing  the  gradient  coils  from  being  damaged. 


The  collection  of  frozen  polarized  solid  xenon  was  monitored  by  observation  of  a 
broad  ,29Xe  NMR  peak  at  300ppm  as  seen  in  Figure  6-5. 
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causing  the  solid  xenon  io  melt  into  the  liquid  state.  The  pressure  of  the  sample  was  2.6- 
3.0  atmospheres.  This  phase  change  is  easily  observed  through  NMR.  as  liquid  xenon 
exhibits  a sharp  peak  at  '250  ppm  at  this  temperature  (Figure  6-6). 


Figure  6-6.  NMR  spectrum  of  polarized  l!,Xe  at  1 88K  using  -4.5”  tip  angle.  Peak  at  0 
ppm  corresponds  to  polarized  !''fXe(g)  and  peak  at  250  ppm  is  ,39Xe(l) 

In  cases  where  a blockage  resulted  in  an  insufficient  volume  of  liquid  xenon, 
additional  xenon  could  be  subsequently  condensed  from  the  polarizer  because  the 
blockage  is  eliminated  during  the  liquefaction.  The  temperature  of  the  sample  tube  is 
again  reduced  to  153  K,  and  the  sample  assembly  is  reopened  to  the  polarizer  gas  flow 
for  continued  xenon  collection.  Restricted  gas  flow  did  not  occur  during  the  second 
freezing  cycle. 

Following  the  collection  of  xenon  solid  and  the  generation  of  xenon  liquid,  GEFI 
images  were  acquired  using  4.5”  tip  angle  pulses.  Three  to  four  images  could  be  obtained 
before  the  magnetization  of  the  polarized  liquid  xenon  was  depleted.  The  first  image 
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taken  was  acquired  at  high  resolution  to  take  advantage  of  the  high  magnetization  that  is 
initially  present.  Lower  resolution  images  were  subsequently  recorded  to  estimate  the 
volume  of  liquid  produced  and  to  experiment  with  variations  of  the  pulse  sequence. 
Axial  and  sagittal  images  of  polarized  xenon  were  collected. 


Figure  6-7.  Axial,  non-slice-selective,  gradient  echo  image  of -10%  polarized  liquid 
xenon,  128x128  imaging  matrix,  FOV  = 5.0  mm,  -4°  tip  angle,  TR  = 150  ms,  TE  - 14 
ms,  in  plane  resolution  = 40  pm,  experiment  time  = 0:00:20 

Figure  6-7  shows  an  axial  view  of  polarized  liquid  xenon.  The  cause  of  the 
ringing  distortion  on  the  outer  edges  is  not  completely  know,  but  is  most  likely  volume 
averaging  due  to  the  non-slice-selective  rf  pulses  used  in  the  image  acquisition.  Volume 
averaging  of  the  liquid  xenon  meniscus,  as  well  as  the  imperfections  of  the  NMR  tube, 
can  result  in  signal  intensity  variations  near  the  outside  edge  of  the  image.  Field 
inhomogencities  may  also  contribute  to  the  appearance  of  rings  around  the  sample. 

The  artifact  appearing  as  a vertical  line  in  the  middle  of  the  image  is  due  to  small 
errors  in  the  computer  generated  baseline  correction  of  the  NMR  signal.  It  appears  in 
nearly  all  of  the  images  in  this  study.  Although  computer  aided  correction  factors  can  be 
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applied  lo  eliminate  this  artifact,  all  images  arc  reported  as  they  were  originally  obtained 
with  no  post-processing. 

When  images  with  sufficient  SNR  could  no  longer  be  obtained,  the  NMR  tube 
was  heated  lo  -50  °C  to  vaporize  the  liquid  xenon,  and  the  3-way  isolation  valves  were 
opened  to  readmit  the  xenon  into  the  polarizer.  The  gas  mixture  in  the  polarizer  was 
allowed  to  recirculate  for  -20  minutes  to  allow  adequate  time  for  the  gases  to  mix.  The 
resumption  of  polarized  ,MXe  was  monitored  by  periodic  ID  NMR  spectra.  After  a 
steady  state  production  level  was  reached,  the  condensation  of  polarized  xenon  into  the 
NMR  probe  was  repeated. 

Figure  6-7  not  only  demonstrates  the  ability  to  collect  polarized  liquid  xenon  for 
imaging  studies,  but  also  presents  some  limitations  in  the  collection  method.  The  flow 
problems  limit  the  amount  of  xenon  that  can  be  collected.  On  average,  -25%  of  the 
xenon  contained  in  the  polarizer  system  was  collected  by  cooling  the  sample  region.  This 
suggests  that  a usable  amount  of  polarized  liquid  xenon  could  be  generated  using  the  2% 
Xd  2%  N;/  96%  He  gas  mixture  if  the  collection  process  could  be  optimized.  This 
would  also  increase  the  polarization  of  the  liquid  xenon,  as  the  2%  gas  mixture  has  been 
shown  to  yield  nearly  twice  the  polarization  of  the  5%  mixture  (Table  5-1 ). 

In  an  effort  lo  produce  liquid  xenon  with  a higher  magnetization,  another  set  of 
expenments  was  conducted  using  the  2%  Xd  2%  ty/  96%  He  gas  mixture.  Tests  with 
this  gas  mixture  showed  that  the  solid  xenon  was  observed  to  form  almost  solely  in  the 
1/8"  diameter  PFA  tube  rather  than  at  the  bottom  of  the  NMR  tube,  as  desired.  This 
resulted  in  a decreased  gas  flow  during  the  xenon  freezing  process.  When  the  sample 
was  warmed  to  liquefy  the  xenon,  a large  portion  of  the  liquid  remained  inside  the  tube 
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be  recycled.  Using  Ibis  method,  '60%  of  the  xenon  in  the  system  was  collected  as  a 
liquid  for  imaging  studies. 

To  investigate  image  contrast  and  resolution  properties  of  polarized  xenon 
imaging,  a simple  phantom  sample  was  fabricated  for  MR1  experiments.  Capillary  tubes 
of  varying  diameters  and  wall  thicknesses  were  inserted  into  the  NMR  tube.  An  axial 
view  of  the  phantom  is  illustrated  in  Figure  6-8. 


Figure  6-8.  Capillary  phantom  sample  for  MRI  contrast  and  resolution  studies 


Images  of  bulk  polarized  liquid  xenon  were  obtained,  as  were  images  of  polarized 


liquid  xenon  in  the  phantom  sample. 


Figure  6-9.  Axial,  non-slicc-sclectivc,  gradicnl  echo  image  of  '20%  polarized  liquid 
xenon,  a)  128x128  imaging  matrix,  FOV-  5.0  mm,  -4.5°  lip  angle,  TR=150ms,  TE=I5 
ms,  in  plane  resolution=40  pm,  experiment  timc=0:00:20,  SNR=38,  b)  capillary  phantom 
image,  256x256  imaging  matrix,  FOV=  5.0  mm,  -4.5°  lip  angle,  TR=270  ms,  TF.-26.5 
ms,  in  plane  rcsolution=20  pm,  experiment  timc=0:0l  :09,  SNR=17 

Figure  6-9a  shows  the  bulk  polarized  liquid  xenon  generated  from  the  2%  Xe/  2%  N,/ 
96%  He  gas  mixture.  The  ringing  effect  discussed  previously  is  more  apparent  than  in 
Figure  6-7.  The  SNR  is  also  greater  than  in  Figure  6-7,  due  to  the  increased  polarization 
of  the  collected  liquid  xenon. 

Figure  6-9b  shows  the  image  collected  of  polarized  liquid  xenon  in  the  sample 
tube  contained  glass  and  fused  silica  capillary  phantoms  as  described  in  Figure  5-2.  The 
wall  thickness  of  the  thinnest  capillary  (40  pm)  is  clearly  visible  demonstrating  that  the 
observed  image  resolution  is  similar  to  that  of  that  of  the  calculated  resolution. 

Although  the  outer  edge  distortions  seem  to  be  decreased,  there  is  a significant 
amount  of  distortion  in  this  image.  This  can  be  attributed  to  two  main  causes.  The  first  is 
the  localized  field  inhomogeneitics  caused  by  the  differing  magnetic  field  susceptibilities 
of  the  materials  in  the  sample.  These  effects  arc  reduced  in  the  images  of  the  bulk  liquid 


square  pulses)  are  being  used,  the  slice  selection  is  not  discreet,  and  there  is  considerable 
excitation  of  the  entire  liquid  xenon  sample.  This  causes  signals  from  a range  of  z- 
displacements  to  be  superimposed  in  the  axial  image  rather  than  a selective  thin  slice. 

Edge  enhancements,  similar  to  what  was  seen  in  the  polarized  gas  image,  were 
also  seen  in  the  bulk  liquid  image.  This  is  duo  to  wnll-restrioted  diffusion  of  the  liquid. 
Despite  these  distortions,  the  SNR  of  the  sample  is  excellent,  and  the  phantom  capillaries 
are  clearly  visible. 

'H:0  Imaging 

To  assess  the  potential  utility  of  polarized  gas  and  liquid  12,Xe  imaging,  it  is 
useful  to  compare  the  polarized  l2,Xe  images  with  proton  images  of  liquid  water  acquired 
under  tire  similar  experimental  conditions.  Proton  images  were  acquired  on  a 1 mL 
sample  of  deionized  water,  which  was  placed  in  a pyrex  NMR  tube  (6.4  mm  OD,  3.9  mm 
ID).  This  is  the  same  NMR  tube  used  for  the  polarized  liquid  xenon  studies  described  in 


In  preparation  for  imaging  experiments,  the  Ti  of  the  water  sample  was  measuret 
using  the  standard  method  of  inversion  recovery,  and  a 90°  pulse  angle  calibration  was 
performed.  The  90°  pulse  length  calibration  was  determined  by  incrementing  the  rf 
excitation  pulse  length,  while  keeping  the  pulse  power  constant.  A plot  of  signal 


image  quality  is  poor  due  lo  Ihclow  SNR.  The  calculated  SNR  ofFigure6-10bis2.6, 
and  the  image  is  barely  recognizable  from  the  noiso. 

To  determine  the  best  SNR  possible  with  the  water  sample,  the  images  of  Figure 
6- 10  were  repeated  using  90°  tip  angles  and  full  T,  relaxation  between  pulses.  This 
results  in  observation  of  the  high  signal  that  can  be  obtained  from  the  magnetization  of 
water.  The  resulting  images  are  shown  in  Figure  6-1 1. 


Figure  6-11.  Axial,  non-slice-selectivc,  gradient  echo  image  of  water,  a)  128x128 
imaging  matrix,  FOV=  5.0  mm,  90°  tip  angle,  TR=20  s,  TE=30  ms,  in  plane 
rcsolution=40  pm.  experiment  time=0:42:40,  SNR=I  12,  b)  capillary  phantom  image, 
256x256  imaging  matrix,  FOV=  5.0  mm,  90°  tip  angle,  TR=20  s,  TE=30  ms,  in  plane 
resolution=20  pm.  experiment  timc=l  :25:20,  SNR=20 

Figure  6-1  la  presents  an  image  of  the  bulk  water  sample.  The  volume  average 
artifacts  are  less  noticeable  in  this  image  but  still  present.  In  Figure  6-1  lb,  volume 
averaging  artifacts  and  the  magnetic  susceptibility  distortions  are  severe.  While  the 
image  exhibits  a good  SNR,  it  is  difficult  lo  discern  the  true  structure  of  the  phantoms. 
The  experiment  times  of  these  images  are  much  longer  than  in  the  polarized  liquid  xenon 
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The  comparison  belween  ihe  'H.O  and  l!9Xc  images  is  nol  exactly  quantitative 
because  prolon  and  xenon- 1 29  signals  were  acquired  using  different  receiver  channels 
and  amplifiers  of  the  Bruker  spectrometer,  and  different  NMR  coils  of  the  probe,  Despite 
these  dilTcrenccs,  a semi-quantitative  comparison  can  be  made  between  the  ability  to 
collect  images  of  these  two  nuclei. 

A significant  difference  exists  between  the  polarized  liquid  xenon  images  and  the 
water  images  taken  under  the  same  low  flip  angle  pulse  sequence.  Despite  using  a -4.5° 
tip  angle,  the  xenon  images  show  an  easily  observable  signal,  while  in  the  water  images, 
the  signal  is  barely  recognizable.  While  volume  averaging  and  magnetic  susceptibility 
artifacts  are  evident  in  the  xenon  images,  there  is  not  enough  signal  to  know  if  they  are 
present  in  the  water  images. 

For  the  bulk  water  sample,  the  image  acquired  using  a 90“  pulse  is  superior  to  the 
liquid  xenon  image  in  both  SNR  and  magnetic  susceptibility  artifacts.  However,  in  the 
phantom  sample,  the  polarized  liquid  xenon  image  has  an  equivalent  SNR  and  maintains 
a higher  level  of  image  clarity  due  to  the  reduction  in  magnetic  susceptibility  artifacts  for 
the  lower  y nucleus.  The  experiment  time  of  the  water  images  is  also  85  times  longer 
than  that  of  the  polarized  liquid  xenon  image  for  the  phantom  samples. 

In  clinical  imaging  of 1 H2O  samples,  spin  echo  imaging  sequences  are  typically 
used.  Absolute  SNR  values  arc  often  less  of  a concern  than  imaging  time,  so  the  TR 
(repetition  time)  is  set  to  minimize  the  overall  experiment  lime,  while  providing 
sufficient  image  contrast.  The  advantage  of  the  spin  echo  technique  is  that  susceptibility 
artifacts  due  to  spin  dephasing  caused  by  local  field  inhomogcncitics  are  refocussed  by 
the  1 80“  rf  pulse.  Water  images  of  the  phantom  sample  acquired  with  a spin  echo  pulse 


sequence  are  shown  in  Figure  6-1 2.  Instead  of  using  block  rf  pulses,  shaped  sine  pulses 
were  used  which  allows  for  discreet  slice  selection,  thus  removing  volume  averaging 
artifacts.  Figure  6-l2b  is  a 2D  'H’O  image  of  the  phantom  sample.  It  is  the  interpolation 
of  5 discreet  slices,  each  I mm  in  thickness. 


Figure  6-12.  Axial  spin  echo  image  of  water  with  capillary  phantoms,  a)  2D,  256x256 
imaging  matrix,  FOV=  5.0  mm,  1.0mm  slice  thickness,  TR=20  s,  TE=30  ms,  in  plane 


resolution=20  pm,  experiment  time- 1:25:20,  SNR=6,  b)  3D,  128x128x5  imaging  matrix, 
FOV-  5.0  mm,  1 .0  mm  slice  thickness,  5 slices/echos,  TR=20  s,  TE=30  ms,  voxel 
size=0.38  nL,  experiment  time=0:42:40 

The  images  in  Figure  6-1 2 were  not  obtained  under  optimal  conditions,  and  not 
meant  to  serve  as  a SNR  or  experiment  time  comparison  to  the  images  of  polarized  liquid 
xenon.  They  are  included  to  demonstrate  the  advantages  of  the  spin  echo  pulse  sequence, 
and  to  indicate  how  the  phantom  sample  might  be  imaged  under  clinical  MR1  conditions. 

MR1  Conclusions 

This  work  demonstrates  the  ability  to  produce  polarized  liquid  xenon  with  a 
nuclear  polarization  of— 20%,  a four-fold  increase  in  the  polarization  of  previously 
reported  polarized  liquid  xenon  experiments.  Quantities  sufficient  for  macro  imaging  and 


spectroscopy  experiments  can  be  routinely  generated  in  less  than  thirty  minutes.  The 
ability  to  generate  this  volume  and  polarization  of  liquid  xenon  is  directly  related  to  the 
overall  performance  of  the  polarizer.  The  polarizer  is  able  to  produce  polarized  xenon 
gas  with  rates  and  polarizations  never  before  possible,  allowing  the  rapid  accumulation  of 
solid  polarized  xenon.  The  rate  at  which  the  xenon  can  be  accumulated  is  critical,  as 
polarization  is  being  lost  to  T i during  tile  collection  process.  The  polarized  liquid  xenon 
can  be  generated  with  the  sample  cell  remaining  part  of  the  polarizer,  allowing  for  quick 
repetition  of  reproducible  experiments.  This  has  never  been  demonstrated  in  previously 
reported  polarized  liquid  xenon  experiments. 

The  comparison  between  the  HjO  and  liquid  xenon  images  is  the  most  significant 
aspect  of  this  work.  It  demonstrates  in  a practical  application  how  the  magnetization  of 
polarized  liquid  xenon  is  greater  than  the  magnetization  of  water.  It  also  demonstrates 
how  the  higher  magnetization  source  can  be  used  to  generate  high-resolution  images 
without  the  need  for  signal  averaging,  resulting  in  short  imaging  times. 

The  full  utility  of  polarized  liquid  xenon  may  never  be  realized  at  high  field 
because  of  magnetic  susceptibility  effects.  Since  magnetic  susceptibility  scales  with  the 
square  of  the  applied  field,  low-field  imaging  systems  demonstrate  a dramatic  decrease  in 
magnetic  susceptibility.  High-ftcid  systems  arc  used  to  increase  the  equilibrium  nuclear 
polarization  as  mentioned  previously.  Because  the  polarization  of  the  laser-polarized 
xenon  is  not  dependent  on  the  applied  magnetic  field,  large  high-field  superconducting 
magnets  are  not  necessary  to  generate  usable  signals.  This  makes  it  possible  to  perform 
high  resolution  imaging  experiments  with  bcnchtop,  low-field  MRI  systems  using 


gradient  echo  sequences.  These  systems  are  much  less  expensive  to  purchase  and 
maintain  than  tradition,  high-field,  superconducting  magnet  systems. 

Future  work  at  high  field  should  focus  on  developing  spin  echo  pulse  sequences 
with  precise  180°  refocusing  pulses  to  fully  exploit  the  high  magnetization  of  polarized 
liquid  xenon  for  imaging  studies.  However,  working  at  high  field,  even  with  gradient 
echo  sequences,  provides  advantages  and  opportunities  for  NMR  and  MRI  spectroscopy 
not  possible  at  low  fields.  Chcmical-shifi-selected  imaging  is  only  possible  at  high  fields 
because  at  lower  fields  the  frequency  separation  is  too  narrow.  The  T,  of  xenon  is  also 
greater  at  higher  fields,  which  is  advantageous  for  NMR  and  MRI  experiments,  as  more 
time  is  available  to  acquire  a signal  before  significant  relaxation  occurs. 

Apart  front  the  spectrometer,  there  arc  many  areas  of  future  work  to  pursue  with 
the  NHMFL  polarizer  with  respect  to  polarized  xenon  imaging.  In  the  completed 
experiments,  the  collection  time  of  the  solid  xenon  was  limited  to  -30  minutes  to  keep 
the  total  experiment  time  within  some  practical  limit.  However,  longer  collection  times 
could  be  utilized  enabling  the  production  of  a greater  volume  of  polarized  xenon  liquid 
and  gas.  It  is  unknown  how  long  solid  xenon  can  be  collected  before  T|  relaxation 
becomes  limiting  on  the  total  magnetization  being  collected.  The  sample  cell  could  also 
be  changed  to  allow  for  more  efficient  collection  of  polarized  solid  xenon. 

The  imaging  experiments  described  here  are  simply  opening  the  door  to  future 
work,  merely  demonstrating  what  is  now  possible  with  a high  power  laser  diode-array 


SEOP  system. 


APPENDIX 

PARTS  LIST  FOR  UF-NHMFL  POLARIZER 
A table  of  all  commercially  available  components  used  in  the  construction  of  the 
UF-NHMFL  polarizer  described  in  Chapter  4 is  given  below. 


Vendor  Part  Description 

Part  number 

14/20  Rotovis  joint 

Female  connection 

Cap 

Fastener 

O-ring 

2"  windows 

90  degree  metering  valve 

CG-170-01 

CG-172-01 

CG-184-01 
CG-305-12 
CG- 1906-06 
CG-562-01 

McMasterCarr 

PFA  tubing  1/8"  OD 
PFA  tubing  1/4"  OD 
PFA  tubing  3/8"  OD 

5I805K51 

5I805K72 

51805K73 

Cole-Parmer 

150mm  flow  meter 
150mm  flow  meter 

P-03267-17 
U-032 17-06 

Thermocouple 

Thermocouple  mini  connectors 
Thermocouple  wire 

SA1-K 

HMP-K-MF 

Accurate  Temperature  Controls 

001-10211 
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KENTEK  Coiporat 


Laser  beam  dump 


722A14TBA2FA 

PDR-D-1 

CB700-2-10 


Brass  1/4"  on/off  valve 

PFA  1/4"  union 

PFA  1/4"  valve 

Brass  1/4"  needle  valve 

PFA  1/S"  lube  - 1/8"  NPT  adapler 

PFA  1/4"  lube  - 1/8"  NPT  adapter 


tecl  1/8"  - 3/8"  reducer 
tee!  1/8” -3/8"  reducer  BT 
PFA  3/8”  union 
Brass  adjustable  check  valve 
Brass  1/4"  tube  - 1/4"  NPT  adapter 
Brass  1/4”  BH  union 
Brass  1/4"  - 1/8"  reducing  BH  union 
PFA  1/4"  BH  u 


B-4HK 

B-400-3 

PFA-420-3 

B-43S4 

PFA-420-6 

PFA-4RPS4 

B-SS4-VH 

PFA-220-1-2 

PFA-420-1-2 

SS-200-R-6 

SS-200-R-6BT 

PFA-620-6 

B-4CPA2-DG-3 

B-4-TA-7-4 


V2-PW-3037-UV-800 


51429 
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